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Abstract
The most successful current device for fusion research is the tokamak, a sort of big transformer 

where the secondary coil is the hydrogen in plasma state enclosed in a toroidal chamber, in which 

the plasma is trapped by a static magnetic  field and heated by a strong current induced by the 

primary coil.  The different machines operating so far have a plasma discharge time duration of 

order of 1 s – 10 s. An important mean to heat the plasma to thermonuclear fusion temperatures is  

using high power waves in the Ion Cyclotron Range of Frequencies (ICRF 30 – 80 MHz). 

Recently,  materials  with  high  atomic  number  (high-Z),  such  as  tungsten  (W),  became 

considered as the best candidates for Plasma Facing Components (PFCs) in future fusion devices 

including international tokamak ITER. ASDEX Upgrade (AUG) tokamak is pioneering the use of a 

tungsten (W) first wall. The low tolerable concentrations of high-Z impurities in the plasma are in 

contrast to high impurity sputtering rates observed on the PFCs that surround or are connected to 

active  ICRF  antennas  along  magnetic  field  lines.  It  is  assumed  that  ICRF  operation  causes 

sputtering via an increase in the average plasma potential due to the rectification of the parallel 

component  of  electric  Radio-Frequency  (RF)  near-fields  E//.  ICRF  antenna  optimization  is 

necessary for improving ICRF heating compatibility with high-Z PFCs.

This thesis focus on the analysis and comparison of performance of two ICRF antennas that are 

currently  installed  on  the  AUG tokamak  with  the  TOPICA  (Torino  Polytechnic  Ion  Cyclotron 

Antenna) program, for various operational scenarios.  The work aims at estimating distribution of 

the  quantities  that  are  considered  as  the  main  drivers  for  the  impurity  production:  E// and  RF 

potentials in  realistic  conditions  of  antenna  geometry  and  plasma  loading.  Further,  rectified 

potentials are estimated based on the simple RF sheath models and also using more appropriate 

tool: asymptotic version of the numerical code SSWICH (Self-consistent Sheaths and Waves for IC 

Heating) that characterizes better the RF sheath mechanism. This analysis is necessary for assessing 

phenomena responsible of producing impurity influx, which prevents operations in reactor-graded 

condition of metallic vacuum chamber. The estimated values are compared with the sheath potential 

drops that correspond to the maximal measured values of tungsten sputtering yield at the antenna 

limiters for typical concentrations of light impurities that bombard W surface and that can be found 

in AUG. 

The unsuccessful ICRF experiment on the National Spherical Torus Experiment (NSTX) has 

been also considered, which did not produce any effect of the coupled RF power to the plasma bulk, 

but only parasitic deposition at the very edge of the plasma column. In this regard, the non-linear 

wave-plasma coupling phenomenon occurring at the edge has been studied, as example of a not 

proper transfer of the RF power coupled by the antenna to useful ICRF waves.
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1   Introduction

1.1 Energy demand

Development of mankind is a natural spontaneous process. Developing science and technologies 

bring mankind knowledge that are and will be important for its survival. Availability of energy 

plays crucial role in any development. As societies advance, they need energy and will continue to 

need  it.  It  has  been  well  known  that  standard  of  living  is  directly  proportional  to  energy 

consumption. 

At present, much of the world is in a difficult energy situation. The energy demand is worldwide 

increasing and situation is likely to get worse before it gets better. Figure 1.1 shows current energy 

demand and outlook foreseen by Exxon Mobil company [1]. According to its predictions, in 2040 

the global energy demand will be approximately 700 quadrillion BTUs, or about 35% higher than in 

2010. Energy demand of members of Organisation for Economic Co-operation and Development 

(OECD) will be essentially unchanged through 2040. Among Non OECD countries, China will lead 

a dramatic increase in energy demand with rising prosperity of its large population. Energy demand 

in developing countries is expected to rise by about 65% from 2010 to 2040. It is important to  

mention that energy sources can become very easily a source of conflicts or even motivation for war 

conflict.

Figure 1.1: Energy demand in : a view to 2040 (source: [1]).
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For reasons mentioned above, there is an internationally recognized pressure to develop new 

reliable energy sources and increase efficiency of existing ones. In my opinion, human effort isn't 

always  very  effective  and  honest  in  this  search.  Reasonable  energy  production  must  be  for 

reasonable price and should be environmentally friendly. It is important to keep environment which 

would be friendly to life and allow its evolution. 

Unfortunately our knowledge about processes that happen around us are still very limited. Very 

often it is difficult to say what is cause and what is consequence of phenomenons around us, such as 

in case of climate changes. We are not able to say very much about  the relationship between global 

warming, human activities and CO2. This questions are still open to investigation. So far, all our 

climate models don't include possibly the most important players in the game: the sun activity, solar 

wind and geomagnetic field. Further, we don't understand very much aerosols, clouds and ocean 

circulation.  Knowing these facts, I find out a bit unlucky the way of fight the global warming by 

mainly pumping lot of money to avoid production of CO2. These money could be used better and 

more efficient way for solving the evident issues and developing new reliable energy sources and 

using more efficiently existing ones with new technologies. 

Likely, the most of the world's energy will be in near future derived from fossil fuels. It seems 

that possible transformation of shale gas and oil shale to shale oil could play an important role in the 

future market. There is still an important question whether the reserves of the relatively cheap fossil  

fuels will be exhausted in near future. This is where nuclear power can play an essential role and 

become a major contributor to the world's energy supply. 

1.2 Thermonuclear fusion on earth 

Thermonuclear fusion is the process that powers the Sun and other stars. In the core of the Sun, 

at temperatures of 10-15 million Kelvin and in the presence of very strong gravitation, low-mass 

(hydrogen) nuclei overcome their natural Coulomb repulsion and combine (fuse) in proton–proton 

chain reaction to form more massive nuclei. It leads to very efficient production of nuclear energy. 

On Earth, fusion can occur at very high temperatures (energies) exceeding 100 million Kelvin.  The 

easiest fusion reactions that can be initiated on earth due to larger cross-section (probability that a 

fusion reaction will take place) is the reaction between two heavy forms of hydrogen: deuterium (D) 

and tritium (T). The current worldwide fusion research is focused on this reaction which can be 

written as

D + T → α (3,52 MeV) + n (14,07 MeV).

Deuterium can be extracted from ocean water. Tritium, that is extremely rare on Earth, will be bred 
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in the blanket surrounding the region of D–T fusion reactions. Favourable chemical element for 

breeding tritium is lithium. There is no problem with fuel availability since deuterium is abundant 

because there are almost unlimited reserves of the ocean water. The known reserves of lithium are 

sufficiently large to last thousands of years.

The current aim of the fusion research is reaching fusion ignition. It is the point at which the 

fusion power compensate the power that is necessary to maintain the fusion reaction thus fusion 

reaction becomes self-sustaining. According to Lawson criterion it is necessary to confine, for the 

range of temperatures relevant for a fusion reactor (T = 10-20 keV), the largest amount of fuel in 

the minimum volume for the largest possible time. It is expressed as

n ·T ·τE ≥ 3 · 1021 m−3 keV s,

where  n is  the  plasma density  (1-2  ·  1021  m−3)  and  τE (4-6  s)  is  a  measure  for  the  quality  of 

confinement,  the energy confinement time. The hot plasma is necessary to keep away from the 

reactor walls. There are two options. The first option is to compress the fusion fuel and heat it so 

quickly that fusion takes place before the fuel can expand and touch the walls. It is called inertial  

fusion. The second option uses magnetic field to isolate the hot fuel in order to retain energy for as 

long as possible. Charged particle in a uniform magnetic field moves freely in the direction along 

the magnetic field lines but there is a force in the transverse direction that forces the particle into a 

circular orbit. The radius of the circle is called the Larmor radius.

1.3 Tokamak

The most successful current device for fusion research is the tokamak, a sort of big transformer, 

where the secondary coil is the hydrogen in plasma state enclosed in a toroidal chamber, in which 

the plasma is trapped by a static magnetic field (Figure 1.2). Strong toroidal field provides the 

primary mechanism of confinement of the plasma. Toroidal current is induced in the plasma by 

means of a transformer.  This current also plays  an important role in further confinement of the 

plasma. It generates poloidal field that is necessary for existence of a toroidal equilibrium. The 

presence of a toroidal and a poloidal magnetic field results in a set of helical field lines located on 

closed  surfaces  nested  around  the  plasma  centre  (so-called  magnetic  surfaces).  The  charged 

particles follow a helical trajectory with its axis along the resulting static helical magnetic field. 

The border of the confined region is known as the last closed flux surface (LCFS) or separatrix 

as it separates the core plasma from the open field lines. Narrow region outside this border is termed 

scrape-off layer (SOL). There are two ways by which the last closed field line can be limited. In the  

first way the confined region is limited by inserting a limiter a few cm into the plasma. The other 
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concept, that turned to be more advantageous, uses a modification of the magnetic field lines at the 

plasma edge. Field lines of the SOL are diverted into a region where the plasma exhaust ends up in 

collision with dedicated plates or with a gas. 

Figure 1.2: Schematic picture of a tokamak. 

Despite the strong helical magnetic field, the confinement in a tokamak is imperfect and plasma 

particles can escape towards the walls of the tokamak due to interaction between charged particles, 

cross-field drifts and turbulences. The magnetic field lines intersecting the solid surfaces are termed 

open, to distinguish them from the closed magnetic field lines which define the region of confined 

plasma.

1.3.1   Plasma heating in a tokamak

The plasma current heats the plasma though resistive, or ohmic heating. Nevertheless plasma 

has an electrical resistivity which decreases with temperature, as Te-3/2. The Ohmic heating becomes 

less effective with increasing temperature and the maximum value of the plasma current is limited 

by  requirements  of  plasma  stability.  If  the  temperature  should  reach  100-200  million  Kelvin, 

another way of heating must be used.

There are two main ways to reach such temperatures, namely neutral beam injection and radio- 

frequency (RF) heating. Neutral beam heating involves injection of a beam of high energy neutral 

atoms that can cross the confining magnetic field. Then they, though collisions and charge exchange 

reactions,  transfer  its  energy  to  the  plasma.  RF  heating  involves  launching  high  power 
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electromagnetic  waves  into plasma by means  of  an  antenna or  waveguide  at  the  plasma edge. 

Frequency of these ways is tuned to some natural resonant frequency of the plasma. This leads to 

absorption of the wave energy and its transfer to the plasma particles. 

RF waves can also be used for controlling the plasma profile. In ohmic heating the current and 

energy deposition profiles are determined by the transport properties of the plasma and they are not 

easily  externally  controllable.  Location  of  the  RF absorption is  controllable,  particularly in  the 

higher frequency range. It allows changing the temperature and current profiles such way that leads 

to suppression instabilities. Further the RF waves can be used to drive current non inductive way. 

They can be sent into a tokamak at an angle to the major radius and can be absorbed such a way to  

set up a drift of electrons  around the torus. As mentioned before,  the tokamak toroidal field is 

induced inductive way. The driving field is maintained as long as the transformer magnetic flux 

linking  the  plasma  torus  is  changing  monotonically.  This  allows  only  pulsed  operation  of  the 

tokamak. In future reactors only steady state operation is planned. 

1.4 Radio-frequency heating in fusion research

RF  heating  transfers  energy  to  the  plasma  by  means  of  electromagnetic  waves.  As  an 

electromagnetic wave propagates through a plasma, charged particles are accelerated by the wave 

electric field. Afterwards surrounding plasma is heated though collisions. The collisional absorption 

scales  as  electron  temperature  Te-3/2.  The  hotter  the plasma is  the  less  effective  heating  though 

collisions is, just  as for the ohmic heating.  Nevertheless,  electromagnetic  waves in plasmas are 

subject  to  resonant  absorption.  It  is  a  collisionless  process  that  leads  to  strong  heating.  In  a 

magnetized  multispecies  plasma  there  is  a  number  of  resonant  frequencies  which  give  rise  to 

absorption of the energy of an incident wave and thus different RF heating schemes can be used. 

The general heating system consists of an efficient high power generator, a low-loss transmission 

line  and  an  efficient  antenna  with  radiating  loops  (straps)  or  waveguides.  As  the  antenna  or 

waveguide couples the electromagnetic energy to the plasma it excites a plasma wave  near plasma 

edge.  The plasma wave transports the energy as it propagates to a localized absorption zone in the 

dense core of the plasma where, ideally, it is deposited in one transit of the absorption region [2]. 

1.4.1   Basic physics of radio-frequency heating

In general, a first good approximation to the propagation of electromagnetic waves in a plasma 

is given by the cold plasma model. It is valid except the critical regions in the vicinity of plasma 

resonances. In these regions thermal corrections become important either because the wave speed is 
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comparable with the thermal speed of a particular species or because the perpendicular wavelength 

is  no longer  negligible  compared with the Larmor  radius.  The cold  plasma describes  correctly 

propagation  of  energy to  the  resonance  region and hence  to  determine  the  accessibility  of  the 

resonance. 

The dispersion relation describes the interrelations of refractive index and microscopic plasma 

parameters for a wave with wave frequency ω. It can be derived from nontrivial solution of three 

components of vector wave equations with all wave quantities varying as exp (ik·r-ωt)  

n×n×E+ε(ω,k)=0 1.1

where n=ck/ω, ε is the (Vlasov) dielectric tensor of the plasma and E is the electric field. In a slab 

approximation, with only one direction of inhomogenity into which the wave is lunched (i. e. across 

the direction of the static magnetic field) and with assumption ky=0 (the equilibrium magnetic field 

is in the toroidal z-direction, x and y represent the radial and poloidal coordinates) and in the cold 

plasma limit where the wavelength λ → 0 , ε xz → 0 , ε yz → 0  and with ∣ε yz∣→∞   the determinant of 

the wave equation takes the form

ε ⊥ n⊥
4 −[(ε ⊥−n / /

2 )(ε ⊥+ ε / /)+ ε xy
2 ] n⊥

2 + ε / / [(ε ⊥−n / /
2 )2+ ε xy

2 ]=0, 1.2

where  n//(=ck///ω)  and  n⊥(=ck⊥/ω)  are  the  components  of  the  refractive  index  parallel  and 

perpendicular  to the equilibrium tokamak magnetic  field.  k// is the wave number parallel  to the 

equilibrium  tokamak  magnetic  field  and  it  is  approximately  constant  along  the  path  of  wave 

propagation while k⊥ the 'radial' wave number varies. The dielectric tensor has components

ε xx=ε yy=ε ⊥=1−∑
j

ω pj
2

ω 2−ω cj
2 , ε zz=ε / /=1−∑

j

ω pj
2

ω 2 , ε xy=−ε yx=∑
j

iω pj
2 ω cj

ω (ω cj
2 −ω 2)

. 1.3

All other elements are equal to zero. The summation is over electrons and all  ion species. The 

gyrofrequency for species j is

ω cj=Z j eB /m j . 1.4

It contains the sign of the charge. The plasma frequency for species j is 

ω pj=(
n j Z j e

2

ε 0 m j
) . 1.5

Since n// is determined by the antenna and ω is given by the generator, the dispersion relation can be 

solved for  n⊥
2 . An approximate solution to the problem of the propagation of a wave across the 

equilibrium magnetic field can be obtained by computing the solution of Equation 1.2 as the density 

and magnetic field change slowly as functions of the radial coordinate. 
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A wave will propagate (in zx plane) if n⊥
2 > 0 . For certain values of the frequency, density and 

magnetic field, a resonance occurs as  n⊥
2 →∞ .  In the vicinity of a resonance the cold model is 

invalid, as mentioned before, since for k ⊥ →∞  the perpendicular phase velocity is comparable with 

the particle thermal speeds. Therefore the physics of the resonance region, and in particular the 

absorption mechanism, requires a kinetic treatment and a small thermal correction to the dielectric 

tensor must be included [2]. 

The kinetic  model  shows two ways  how an incident  wave can lose energy in  the resonant 

region.  This process is linear and is called mode conversion. In a hot plasma as a result of the 

thermal effects, the 'cold' resonance is replaced by a mode conversion. The second way is through 

wave-particle resonant interaction which is a dissipative and collisionless process.

In general, the plasma conditions for which either  n⊥
2 →∞  or  n⊥

2 →0  define critical surfaces 

for the propagation of the given wave. The first case is referred to as resonance surface, where wave 

absorption occurs, and the latter as cut-off surface at which an incident wave is reflected. Beyond a 

cut-off  surface a wave decays  exponentially and is  evanescent  because the plasma is  unable to 

support the wave propagation. Nevertheless if the antenna cut-off distance is not too large, some of 

the wave energy can leak through it  to  the propagation  region and the  wave is  said  to  tunnel 

thorough the evanescent zone. The antenna is situated near the plasma edge in an evanescent region 

and should be part of a low-loss resonant circuit where high RF voltage is applied [2]. 

The three main RF heating schemes, namely ion cyclotron, lower hybrid and electron cyclotron 

can be obtained from the cold plasma dispersion relation. Since the Equation 1.2 is a quadratic in 

n⊥
2 ,  one of the solutions will  tend to infinity when  ε ⊥  becomes zero.  It is the condition for a 

perpendicular, cold plasma resonance to occur. 

The lowest frequency scheme is ion cyclotron resonance heating for frequencies  ω∼ω ci . In 

this case, as will be explained later, a resonance occurs when two or more ion species are present. It  

is called the ion-ion hybrid resonance. The resonant frequency ω ii  with two ion species is

ω ii
2=

ω c1ω c2(1+ n2 m2/n1 m1)
m2 Z 1/m1 Z 2+ n2 Z 2 / n1 Z 1

                                                                                           1.6

which give a frequency in the range 30-120 MHz, depending on the magnetic field and the species.  

The lower hybrid resonance frequency lies between  ω ci and  ω ce , where  ω ce  is the electron 

cyclotron frequency. For the central regions of a tokamak where ω pi
2 ≫ω ci

2  and neglecting ~ me/mi,

ω LH
2 ≈ω pi

2 /(1+ ω pe
2 /ω ce

2 ) . 1.7

This defines the lower hybrid resonance scheme which utilises a frequency in the range 1-8 GHz.
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The highest frequency scheme is electron cyclotron resonance heating that is in the range 100-

200GHz.  For a  cold plasma and perpendicular  propagation  the only resonant  frequency in this 

regime occurs at the upper hybrid frequency ω UH , where

ω UH
2 =ω pe

2 + ω ce
2 .

1.4.1.1 Waves and their damping for ion cyclotron range of frequencies

The  frequency  range  of  interest  is  ω 2≪ω pe
2  and  ω 2≪ω ce

2  which  leads  to  assumption 

ε / /≫ε ⊥∼ε xy . The physics behind this situation is that the electrons are very mobile and free to 

move along the equilibrium magnetic field. Any field perturbation in this direction will cause a 

current to flow which nullifies the perturbing field.

There  are  two solutions  of  the  cold  plasma dispersion  relations  for  ion  cyclotron  range  of 

frequencies  [3]. First branch with frequencies  ω> ω ci  is the compressional hydromagnetic wave, 

also called the magnetosonic mode or the fast Alfvén wave with dispersion relation 

n⊥
2 =

[(L−n/ /
2 )( R−n/ /

2 )]
(S−n / /

2 )
         1.9

where ε ⊥=S ,ε xy=iD ,  and S=1 /2(R+ L) , D=1/2(R−L) ,  

R=1+ ∑
j

ω pj
2

ω (ω+ ω cs)
, L=1−∑

j

ω pj
2

ω (ω−ω cs)
.           1.10

This wave is described at low frequencies as an exchange of energy between the magnetic field and 

the particle motion. Since the magnetic field lines are tied to the plasma in this frequency range, any 

perturbation  in  the  particle  motion  produces  a  restoring  force  due  to  magnetic  stress  form the 

resulting  perturbation  of  the  magnetic  field  like.  At  low frequencies  the  fast  wave produces  a 

perturbation in the direction of propagation and is also called the compressional wave. Far from the 

ion cyclotron resonance, its perpendicular phase velocity becomes

ω
k ⊥

=
v Aω

√ω 2−k / /
2 v A

2 , where v A
2 =

c2ω i
2

ω pi
2  is Alfvén speed.           1.11

A typical value of  k//  determined by antennas in large tokamaks is  approximately 5m-1 so that for 

such an experiment the fast wave would only propagate for electron densities ne > 2 · 1018 m-3. 

The other branch is the shear or torsional or slow wave with frequencies just below ω ci . The 

solution of the dispersion relation is approximately 
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n⊥
2 ≈ε / /

(ε ⊥−n/ /
2 )

ε ⊥

≈ε / /≈
−ω pe

2

ω 2
.          1.12

This solution is highly evanescent.  The slow wave may propagate if  n / /
2 > 1  in a narrow layer. 

Energy from the antenna coupled to this wave would be reflected and localised near the plasma 

boundary. This effect is avoided as far as possible by screening off the field component with the 

polarization so that ideally only the fast wave is excited. Deleterious RF effects in the SOL are often 

ascribed to the this propagation mode. Slow wave has been in the past exploited for heating plasma 

in  liner  geometries  such  as  mirror  devices.  Since  tokamaks  have  centrally  peaked  electron 

temperature  profiles,  a  severe  barrier  to  penetration  occurs  when  the  slow  wave  reaches  this 

condition. For this reason, the slow wave branch is not thought to be useful in heating the core of a 

hot, dense plasma in this frequency range.  

In hot plasma, as result of thermal effects, the 'cold' resonance is replaced by a mode conversion 

and a third wave mode may exist – the ion-Bernstein wave. This wave may propagate only between 

neighbouring  cyclotron  harmonics  and toward  the  high  field  side  of  the  tokamak.  As the  ion-

Bernstein wave propagates away from its place of birth, it is then rapidly damped on the electrons.

The antenna for ICRF heating is design to launch the fast wave but the the ion-Bernstein wave 

or the slow wave can appear in the plasma only as a results of mode conversion from the fast wave. 

The excited wave spectrum must be selected properly to ensure that the power deposition profile is 

optimal. 

An antenna generally consists of a metal conductors, that are situated parallel to and close to the 

wall of the tokamak, contained within a Faraday screen (FS), consisting of  narrow conducting 

strips. These strips are aligned along the magnetic field direction and are meant to short out the 

electric  field  component  in  this  direction  and  to  ensure  that  the  wave  is  launched  with  the 

polarisation of the fast wave. Any energy launched with the other polarization is trapped near the 

plasma edge,  and may contribute  to  undesirable  effects  such as  heating  the  walls  and antenna 

support structures and producing heavy metal impurities. The FS also helps to shield the antenna 

from the plasma. Direct contact between the antenna and the plasma may lead to dissipation of 

power in the immediate neighbourhood of the antenna.

1.4.1.2 Fast wave absorption

The usual way of fast wave absorption is direct damping on either electrons or ions, depending 

on the resonant wave-particle interaction conditions

ω−k / / v / /≃n ω ce ,i  where n = 0, ±1, ±2...           1.13
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With ω in the ion cyclotron frequency range, the resonance condition can be satisfied for electrons 

only if  n = 0. For this resonance called Landau damping, wave energy is transferred to the parallel 

degree of freedom of the resonant particles by the component of the electric field parallel to the 

equilibrium magnetic field. Landau damping is significant mainly for lower hybrid waves. Wave 

energy  can  also  be  transferred  by  the  component  of  the  wave  magnetic  field  parallel  to  the 

equilibrium magnetic field through the mechanism known as transit time magnetic pumping under 

the Landau resonance condition. It can make a contribution to the direct electron dissipation of the 

wave.

For ions the resonance condition can be satisfied only if  n ≠  0. For the ion heating by the fast 

wave the resonance condition is necessary but not sufficient since the correct polarization is also 

required. Near the fundamental cyclotron resonance the polarization becomes more complicated and 

is best described by decomposing the field into left-circularly  EL=½(Ex+iEy) and right-circularly 

ER=½(Ex-iEy)  polarized  components.  Unfortunately as  ω →ω ci ,  the  fast  wave is  predominately 

right-circularly polarized  and rotates  in  the  sense of  the  electrons.  The left-circularly polarized 

component, which rotates in synchronism with the ions, approaches zero. A consequence of this so 

called screening effect is that fundamental resonance cyclotron absorption, that is proportional to 

∣E L
2∣ in a pure plasma is very weak. Despite its unfavourable polarization the fast wave, can be used 

for ion heating by either the minority population fundamental cyclotron damping, or by the second 

harmonic damping caused by the majority ion species. In order to obtain a perpendicular resonance 

at the cyclotron frequency (fundamental or minority) and its harmonics, a kinetic model of a hot, 

magnetized plasma must be used.  

An important modification of propagation picture occurs when more than one ion species is 

included in the formulation of the dielectric tensor. Between the ion cyclotron frequencies of the 

two species, the contribution to εxy and ε⊥ from each ion species are of equal and opposite sign and 

can lead to cancellation. For ε⊥=0  the ion-ion hybrid resonance occurs with resonant frequency ω ii  

expressed in Equation 1.6. Physically, the two ion clouds oscillate out of phase with respect to each 

other creating an electrostatic field near resonance. The ion-ion hybrid resonance can occur very 

close to the cyclotron frequency of minority ion species, if that species is sufficiently dilute the total 

ion  population.  The  presence  of  an  electrostatic  field  near  the  cyclotron  resonance  leads  to  a 

significant reduction in the screening effect and enhancement of the left-circularly polarized field. 

The predominately right-circular polarization of the fast wave becomes longitudinal by presence of 

the minority  species. It  is  precisely this  effect,  that  is  complicated  by the inclusion  of  thermal 

effects, which is responsible for  a strong interaction between the wave and the minority species, 

resulting in damping of the wave and heating of the minority species.
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Harmonics cyclotron heating ( ω≈2ω ci ) depends on usually small thermal correction to the 

dielectric  tensor,  and  is  therefore  bound  to  be  weaker  effect  than  minority  heating.  The  field 

polarizations are usually still dominated by the 'cold' contributions which are now off-resonant, so 

that the ration EL/ER is no longer unfavourable even in a single-species plasma. The particle sees a 

constant  field  and are accelerated  mainly in  the perpendicular  direction.  This  leads  to  a useful 

amount of damping that is proportional to ∣k ⊥ E L
2∣.  The particle velocity is changing steadily with 

time [4]. 

1.4.1.3 Thermalization of the wave energy

The energy transferred into the system by the waves, in the absence of any loss process, leads to 

increase  in  the  bulk  temperature.  The  particle  velocity  distribution  during  the  RF  heating  is 

determined by the balance between the effect of the waves and the effect of the collision and of the 

direct  current  (DC)  electric  field  which  is  generally  present  in  a  tokamak.  In  general  in  these 

regimes,  there is direct acceleration of the resonant ions by the waves. Ions receive an impulse 

mainly in the direction perpendicular to the equilibrium magnetic field, as they pass though the 

resonance zone. It leads to the establishment of a nonthermal ion population. The impulse can be 

either accelerating or retarding.  It depends on the phase between the ion motion and the wave. 

Resonant particles are a small sub-set and they will collide and couple their energy mainly to non-

resonant  background  ions  and  electrons.  The  collision,  on  the  other  hand,  tend  to  restore  the 

equilibrium Maxwellian distribution.  If  the collisions occur sufficiently rapidly,  the Maxwellian 

distribution is sustained and bulk heating occurs. 

1.5 Aims of this thesis

 Multi-megawatt ICRF power was successfully utilised in tokamaks with low atomic number 

(low-Z) plasma faced materials  and obtained, for two decades,  successful results of plasma ion 

heating.  However,  these  operations  became  problematic  in  experiments  on  ASDEX  Upgrade 

(AUG) tokamak using a reactor relevant metallic vessel. A not sustainable ingress of impurities in 

the plasma was produced, indeed, at levels of RF power that were markedly lower than in previous 

operations with low-Z plasma facing material.  The phenomenon of the ingress of impurities has 

been interpreted in terms of sputtering by plasma ions accelerated by the RF electric field. This field 

is rectified in layers of plasma edge in which a line of the tokamak confinement magnetic field 

intercepts  a metallic  obstacle,  in presence of a  sufficiently  intense RF electric  field component 

aligned  to  the  confinement  magnetic  field  (E//).  These  RF  sheaths  cause  acceleration  of  ions 
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impacting on the obstacle and, consequently, enhance sputtering and localised heat flux. 

Available data from modelling and experiments indicate that the induced currents in the antenna 

box represent a source of RF sheaths. Design of the ICRF antenna should be thus optimized in order 

to minimize this mechanism and improve ICRF heating compatibility with high-Z PFCs. Further, 

RF sheaths should occur also at large distances from the antenna, where a metallic obstacle (e.g., a 

limiters of the machine or limiters belonging to other antennas) is cut by a confinement magnetic 

line, and the E// component exceeds a certain threshold value. 

Because of impossibility of fully assessing the relevant ICRF antenna parameters during the 

experiments,  modelling  tools  are  necessary  for  analysing  and  optimising  the  ICRF  antenna 

performance. The TOPICA (Torino Polytechnic Ion Cyclotron Antenna) software has been utilised 

here as the main tool for modelling. It has the unique features of handling the realistic conditions of  

geometry of the antennas and load that is represented by plasma modelled with sufficient accuracy. 

One of the main focuses of the thesis consist in showing that early experiments that tested for 

the first time the coupling of ICRF power in large tokamaks, at the beginning of the years ’80 of the 

last century, discovered that a strong ingress of impurity occurred, detrimental for useful plasma 

operations. The ICRF experiments became successful, instead, since the middle of the years ’80 and 

they maintained successful for two decades. This result was attributed to have followed a more 

suitable antenna design in the utilised systems. However, recent experiments on AUG, have been 

characterised by the same failure that occurred in early experiments. It is highlighted here that to 

have used a metallic wall in early experiments and in AUG should be the more important cause of 

the  observed  strong  impurity  ingress  induced  by  the  coupled  RF  power,  rather  than  different 

antenna configurations. Successful ICRF experiments occurred before AUG only by using walls 

coated by carbon or beryllium, i.e., low-Z materials.

To help the interpretation of the aforementioned phenomenology is essential for enabling the 

ICRF power to become a robust tool for the modern research on thermonuclear fusion energy based 

on the tokamak concept. Consequently, the thesis focuses also on producing modelling useful for 

helping the interpretation of phenomenology discussed above, and to address the debate on how it 

should be overcome.  In regard to the problematic extrapolation of ICRF experiments to regimes 

using  reactor  relevant  metallic  vessel,  I  show  results  based  on  numerical  solution  of  the 

electromagnetic problem of the antenna, in realistic condition of the metallic vessel geometry and 

plasma loading. 

In  order  to  address  the  understanding  of  the  problems  occurred  in  the  recent  ICRF power 

experiments  on AUG, it  is  useful  to  analyse  the  performance of  the  two types  of  AUG ICRF 

antennas. The work aims at characterising the antennas in terms of conditions that they can produce 

in favouring impurity influx, which prevents operations in reactor-relevant condition of metallic 
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vacuum chamber.

The main focuses of the work related in the thesis are:

a)  Comparison of the impedance matrix computation performed with the ANSYS HFSS and 

TOPICA microwave software, considering the flat AUG ICRF antenna. The results can provide 

also an additional validation of the TOPICA software.

b) Computation and analysis of the following issues: i) scattering matrix, ii) coupled power, iii) 

induced currents on the antenna parts, iv) map of the  RF field, in particular,  the  E// component 

useful for assessing the role of the RF sheath in producing impurity influx. This map should include 

layers located at large toroidal distance from the antenna. The work carried out here represents the 

basis for developing, in future, the assessment of the ICRF field structure at large distances form the 

antennas. The antenna coupling has been evaluated taking into account loads approximated by a 

dielectric, or using a more realistic plasma model. Moreover, the flat and the more realistic curved 

antenna geometries have been taken into account, together with different antenna phasing values of 

the RF power feeding the antennas. Further, a scan of the radial layer under test, used for evaluation 

of E// has been performed.

c)  The  RF  rectified  potentials  has  been  evaluated  assuming  simple  sheath  model  with 

independent flux tubes. A comparison has been made of the poloidal distributions of the rectified 

potential with the measured sputtering yield of tungsten on the ICRF antenna. The sputtering yield 

is defined as the ratio of sputtered metallic flux over the incoming flux of deuterium. The rectified 

potential  obtained by modelling has been compared to and the potential  drop in the RF sheath, 

which corresponds to the measured value of tungsten sputtering yield on the ICRF antenna.

d) The E// field map expected to occur in front of the antenna mouth represents an useful input to 

a  numerical  code that  characterizes  the RF sheath  mechanism.  Parameters  of  the  antenna with 

smaller dimensions, originally used in AUG, have been considered.  The DC plasma potential, VDC, 

near the initial antenna side limiters, has been calculated in order to build hypothesis on how the 

sheath effects are poloidally distributed.

As  further  problem met  in  experiment  using  ICRF power,  any effect  of  penetration  of  the 

coupled RF power was not found in the NSTX tokamak of Princeton (USA) during experiments 

aimed at heating and driving current in the plasma. Unexpectedly,  only signatures of non-linear 

wave-particle interaction, namely parametric instability, were observed to occur. As further aim, we 

focus on the analytical  derivation of the parametric  instability dispersion relation.  To solve this 

equation  has  been useful  for  interpreting  the  signatures,  found on NSTX, which document  the 
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occurrence of non-linear wave-particle interactions, which accompany the failure of penetration of 

the coupled RF power to the plasma core.  
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2   Overview of ICRF heating experiments in 
metallic wall tokamaks

2.1 Introduction

One of the main goal of the thesis to try to understand the problem why: a) early experiments 

that for the first  time,  in the years  ’80 of the last  century,  tested the ICRF heating scenario in 

tokamaks that used metallic wall, obtained an impurity influx not tolerable for performing useful 

plasma operations, b) next experiments carried out for two decades (from about the years 1986 up 

to  about  2005)  obtained,  instead,  successful  results  of  plasma  heating  accompanied  by  small 

impurity influx, c) finally,  recent results on AUG (ASDEX Upgrade) tokamak found, instead, a 

much stronger impurity influx, which is similar to that occurring in early ICRF experiments. What 

is common with early ICRF experiments has been identified here in the circumstance that reactor-

relevant metallic plasma faced material has been used in AUG. It is shown hereafter, indeed, that 

ICRF experiments became successful not only,  as generally believed, thanks to the utilised new 

antenna configuration but, more probably, by the use low-Z plasma faced materials, which have the 

intrinsic property of mitigating the ingress of impurity under RF power coupling to plasma.

Proper selection of materials for the first wall, divertor and other PFCs is necessary for good 

performance of a tokamak device. This issue is very important for ITER tokamak, which is under 

construction, as well as for future power-producing reactors. Since tritium will be used as a standard 

fuel, level of tritium retention in PFCs must be low because of nuclear safety regulations, which 

restrict plasma operation after ~1 kg of in-vessel tritium inventory has been reached. This limit is 

relatively low because of the inherent physical and chemical properties of tritium. Tritium in the 

gaseous state has a relatively short decay time (12 years) and it is therefore strongly radioactive.  

Since hydrogen-like, it reacts with oxygen to form tritiated water, which is easily absorbable into 

the organism (Perez Von Thun C., personal communication, January 6, 2013).

Early tokamaks  had metallic  first  wall,  in  most  of  cases,  stainless  steel.  The ICRF heating 

experiments performed for the first time in such tokamaks were limited by an influx of heavy metal 

impurities from the metallic antenna parts and magnetically connected structures, and from parts of 

the  first  wall.  Heavy impurities  increased  with  ICRF power  and caused  high  plasma  radiation 

losses, since impurity radiation goes as the square of the ion charge. In general, with respect to 

plasma performance, this circumstance leads to lowering temperature, perturb equilibrium, shorten 

the energy confinement time, and induce disruption of plasma discharge. In order to decrease the 
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impurity influxes, carbon or boron coating was thus applied on the first wall and PFC. 

Carbon, as a low-Z material, doesn't penetrate to the plasma core but radiates at the edge and 

cools  it  down,  which  is  favourable  for  the  plasma  facing  components.  Even  high  carbon 

concentration is acceptable and doe not disturb plasma performance. Further positive aspect is that 

carbon doesn't melt. On the other hand, using carbon has also disadvantages that likely won't be 

acceptable for future fusion reactors. Carbon tiles suffer of enhanced erosion by chemical processes 

(physical sputtering) even at low temperatures. Further problem is that level of tritium retention in 

PFCs is too high.

The so called ‘Jacquinot rules’ [8] were developed leading to devices using carbon PFCs to 

minimize ICRF impurity contamination. These rules can be summarized as follows: utilise dipole 

phasing, align the FS with total equilibrium magnetic field, coating of antenna parts with low-Z 

materials, utilizing high single pass absorption. With carbon first wall and improved antenna design 

and with applying the ‘Jacquinot rules’, the ICRF heating performance was improved and impurity 

influx and radiated power were strongly reduced. Maximum ICRF power coupled to plasma was 

significantly increased up to about 10MW at JET.

Recently there is renewed interest in metallic PFCs for fusion devices including ITER. Mainly 

high-Z tungsten and molybdenum and low-Z beryllium (Be) have been tested as materials of the 

first wall. Beryllium, as a low-Z material, is preferable due to its low level of radiation. Further, it 

has  a  high  physical  sputtering  yield,  a  low melting  point  and  a  high  vapour  pressure.  Unlike 

beryllium, tungsten exhibits very favourable properties with respect to erosion, neutron damage, 

swelling, melting temperature, degradation of thermal and mechanical properties. Nevertheless, the 

high  self-sputtering  rates  make  the  use  of  tungsten  feasible  for  low plasma  temperature,  high 

density divertor conditions. Due to the high radiation power of tungsten, its fractional abundance in 

the main plasma should be below 10−4 [9]. Another motivation for using tungsten is low level of 

tritium retention in PFCs.

Figure 2.1: Proposal of materials for divertor and first wall for ITER tokamak.

At this moment beryllium is planned as material for ITER first wall and tungsten for most of 

divertor tiles (Figure 2.1). Only limited part of divertor will be likely made from carbon. In a reactor 
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however, beryllium will not be a viable solution due to its high erosion yield, a low melting point  

and high-Z components may have to be used [10].

However,  relative to carbon PFCs, there is less operational  experience with reactor relevant 

high-Z  materials.  AUG  tokamak  is  pioneering  the  use  of  a  W  first  wall.  The  low  tolerable 

concentrations of high-Z impurities in the plasma are in contrast to high impurity sputtering rates 

observed on the PFCs that surround or are connected to active ICRF antennas along magnetic field 

lines. It is assumed that ICRF operation causes sputtering via an increase in the average plasma 

potential  due to  the rectification  of  the  parallel  component  of electric  RF near-fields  E//.  ICRF 

antenna optimization is necessary for improving ICRF heating compatibility with high-Z PFCs. The 

beneficial effect of wall conditioning by boronization, which reduces the impurity influx, does not 

persist for more than a couple of plasma discharges. For this reason, it useful to recall experience 

with ICRF heating performance from not only the recent but also from the early metallic machines, 

so that performance of recent and future experiments with high-Z first wall, which do not use any 

carbon or boron coating, should be properly understood and, possibly, also predicted. In this chapter 

ICRF heating performance from two main early and two main recent machines are introduced.

2.2 Early ICRF heating experiments with metallic first wall

The first using of ICRF heating on a tokamak by means of the fast wave is dated back to the  

early seventies. It was at TM-1VCH tokamak in the Soviet union [11]. The coupled  power was up 

to several tens of kilowatts. Since that time, the ICRF heating has been making continual progress. 

In the following section two reference experiments with high power ICRF heating in presence of 

metallic first wall are described.

2.2.1   The Princeton Large Torus 

The Princeton Large Torus (PLT) started operation in 1975. It  was machine using only the 

limiter configuration, with a major radius of 1.32 m and a minor radius of 0.40 m. Material of the 

first  wall  was  mainly  stainless-steel.  Ohmic,  neutral  been  injection,  and  ion  cyclotron  heating 

methods were developed. In addition, non-inductive current drive with lower hybrid waves was 

demonstrated for the first time in low-density plasma (of the order of 0.2·1020 m-3). The injection of 

lower-hybrid power by means of waveguide arrays  resulted in the maintenance of a substantial 

plasma current with no inductive assistance of the tokamak transformer.

Experiments on PLT were focused on maximizing the plasma density and controlling impurity 

influx. The original PLT limiters were made of tungsten due to its refractory properties and low 
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sputtering yield. Nevertheless even low W concentration in plasma, led to increased radiation in the 

central region. Bolometric measurements indicated nearly 100% radiated power in the worst cases. 

In such cases radiation profile was strongly peaked at the plasma centre and the radial electron 

temperature  profiles  resulted  to  be hollow.  These  discharges  suffered  from poor global  energy 

confinement.  Metallic  impurity  radiation  was  reduced  in  PLT by using  controlled  gas  feed  to 

contract  the  plasma  column  during  start-up.  High-density  helium  and  deuterium  plasmas 

(ne(0)=1·1020 m-3) were obtained in this manner with confinement times about 100 ms.

Soon  after  starting  the  operation,  the  original  tungsten  limiters  were  replaced  with  carbon 

limiters,  and  a  capability  for  inter-shot  titanium  gettering  was  installed.  This  led  to  further 

reduction of central impurity radiation, although the radiation was still significant for low-density 

plasmas [12].  Metallic impurity production from other PFCs occurred. 

ICRF heating was used to heat plasmas in the so-called low-confinement mode (L-mode) at 

power levels of up to 3 MW. Six half-turn low field side antennas (Figure 2.2) with FSs and antenna 

limiters were used to couple ICRF power to the plasma. Original material of FSs was stainless steel 

which were afterwards changed to titanium. Later, a pair of centre-fed antennas, reduced in size in 

poloidal direction, with titanium FS was added. Further, carbon FSs were installed on three of the 

half-turn antennas. The other three antennas  retained the titanium FSs. All antennas had protective 

carbon limiters on the sides of the antennas. They extended only over the region around the toroidal  

midplane on the half-turn antennas and cover the entire poloidal length of the centre-fed antennas 

[13]. 

Figure 2.2: Schematic representation of coil geometry with the RF current profile.

2.2.1.1 Experiments and ICRF power coupling

ICRF heating power (up to 3 MW) was coupled for about 200 ms to a minority species, either H 

or  3He in a deuterium plasma or to the second harmonic resonance of the bulk ions in a hydrogen 

plasma. During ICRF heating experiment, an increase in impurity line radiation in the 15-360  Å 

region was observed. This observation was further studied and attention was focused on metallic 

impurity (Ti and Fe) behaviour for ICRF heating power levels of up to 3 MW. 
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According to spectroscopic measurements, the primary intrinsic impurities present in discharges 

were  oxygen,  carbon,  titanium and iron.  Oxygen  was  desorbed from the  inner  surfaces  of  the 

vacuum vessel, and carbon was present as a result of the interaction of the plasma with carbon 

limiters and carbon FS [13]. Iron came from the walls of the stainless-steel vacuum vessel and 

titanium was also present in the vacuum vessel owing to its use as a getter material.  The ICRF 

antenna FS was a source of titanium, iron or carbon, depending on the used material.

Figure 2.3 shows time evolutions for measured line intensities from the impurity species for 

discharges with 2 MW of ICRF coupled power. H minority mode was chosen and the 42 MHz RF 

pulse lasted from 410 to 600 ms into the discharge. Half-turn antennas with titanium FS were used. 

Generally,  the  increase  in  radiation  from the  metallic  impurities  is  larger  than  the  increase  of 

oxygen and carbon. 

Figure 2.3: Time evolution of several impurity lines: Ti-XIX 169.6 Å, Fe-XXIII 132.9 Å, O-VI 150.1 Å, and C-V 40.3 Å  
during a series of discharges (source [13]). 

The total measured central concentration of metallic impurity ions increased from about 0.1% 

at 400 ms to about 0.3% of the central density at 600 ms. The total titanium density was higher than 

the total iron density. This was due to the fact that the titanium FSs were located about 3cm outside 

the limiter radius which is closer to the plasma edge than the stainless steel vacuum vessel. Thus the 

interaction of the plasma with the FSs was much stronger than with the vacuum vessel. The stronger 

interaction was further indicated by the larger rise in the titanium density (a factor of about 4) than 

in the iron density (a factor of about 2). The power radiated by these elements was about 10% of the 

total input RF power 2.0 MW. Nevertheless an increase by a factor of three or more in the metallic 
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impurity  densities  would  have  lead  to  more  significant  radiative  losses.  Other  experiments 

documented that the impurity densities and the total radiated power by all impurities during the RF 

pulse scaled approximately linearly with the RF power at levels of up to 2.8 MW. Total radiated 

power reached 30%. 

The  titanium  and  iron  densities  previously  presented  suggested  that  the  primary  source  of 

metallic impurities were the ICRF antenna FS. This was confirm by comparison of similar lCRF 

heated discharges with stainless steel and titanium FSs [13].   

In the following years, the system was upgraded: a new RF-vacuum feedthrough was installed, 

which increased the power handling capability to 1.5 MW per antenna; and a change of source 

frequency to 30 MHz, which allowed  3He minority heating. By these means, the RF power was 

increased in steps to 4.25 MW of coupled power during 1984, resulting in central ion and electron 

temperatures of 5 keV and 3.5 keV, respectively [12].  

2.2.2   ASDEX tokamak

ASDEX tokamak was one of the larger  second-generation tokamak experiments with major 

plasma radius R = 1.65 m and horizontal plasma parameter (minor radius) a = 0.4 m. The machine 

was  in  operation  between  years 1980-1990 at  the  Max Planck Institute  for  Plasma  Physics  in 

Garching near Munich in Germany. ASDEX tokamak had a stainless steel chamber coating and it 

was possible to reach plasma current up to 500 kA. Further features were divertor configuration, the 

capability for long-pulse operation (up to 10s) and high power neutral-beam (4.3 MW), ICRH (3 

MW) and LH (2.4 MW) heating systems. 

The most important finding was the discovery of a high confinement mode regime, the so-called 

H-mode  for  distinguishing  from  the  standard  regime  of  low  confinement  L-mode.  Indeed,  in 

February 1982 it was noted that beyond a minimum heating power two confinement regimes exist: 

the regime with degraded confinement (L-mode), already known from limiter tokamaks, and the 

high-confinement  regime  (H-mode).  Observation  of  high  heating  efficiency  obtained  with 

combined second harmonic ICRF and neutral beam injection heating can be considered as the most 

important results from experiments with RF heating in ASDEX.

2.2.2.1 ICRF heating system

The ICRF system started operation in 1985 with two 1.5 MW generators (tunable between 30 

and 115 MHz). Each generator with available pulse length up to 10s was connected to one low field 

side antenna.  ICRF power was launched by means of two conventional uncooled loop antennas. 

Each antenna consisted of two poloidally spaced λ/4 loops and was fed at both ends and short-
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circuited  in  the  midplane  (Figures  2.4  (a)).  Detail  view of  the  location  of  the  antenna  and its  

protective side parts and divertor are depicted in (Figures 2.4 (b)). 

The antennas were installed at the low magnetic field side, each other toroidally separated by 

180°. In order to reduce the surface resistance the loops were made of silver-coated stainless-steel 

plates. The antennas had optically opaque FSs that insured a proper polarisation of the radiated 

wave field pattern and shielded them against the plasma. The stainless steel rods were coated with 

copper, to reduce the RF losses, and with a titanium carbide layer about 20 µm thick. The antennas 

were protected by carbon limiters [14]. 

Figure 2.4: (a) Poloidal cross section of the ASDEX vacuum chamber including the arrangement of one antenna system  

(source [14]). (b) View of the ICRF antenna, with detail showing the location of the protective side pieces: (1) antenna,  
(2)  Faraday  screen,  (3)  antenna  protection  limiters  (graphite),  (4)  limiter  side  pieces,  (5)  divertor  entrance,  (6)  

multipole protective cover (horizontal part), (7) multipole protective cover (at the entrance to the divertor), (8) ASDEX  
protective limiters (source[15]).

2.2.2.2 Experiments and ICRF power coupling

Using  pure  hydrogen  plasmas  and  H/D mixtures,  the  ICRH experiments  on  ASDEX were 

performed  firstly  at  the  H  second  harmonic  frequency  (2ΩCH,  f  =  67  MHz).  Secondly,  the 

fundamental  frequency  of  hydrogen  (f  =  33.5  MHz),  was  used  in  the  H  minority  regime  in 

deuterium majority (D(H)) at toroidal magnetic fields of B0 ~ 2.2 T, which placed the resonance 
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layer  close  to  the  magnetic  axis  of  the  plasma.  It  was  however  very  difficult  to  get  the  H 

concentration low enough for this minority heating scenario.

Despite of divertor operation, ICRF heating without wall carbonization was accompanied by a 

significant increase in impurity production somewhat depending on the kind of preheating (either 

ohmic or neutral beam).  Spectroscopic measurements identified iron as the most critical impurity 

species (increase of radiance by a factor of 5-10), while only a moderate release of carbon and 

oxygen was found (Figure 2.5). Titanium released at the antenna FSs (coated with TiC/TiN) did not 

dominate the central radiation. Soft X-ray profile measurements showed that the central radiation 

increases more strongly than the edge radiation. 

Figure 2.5:  Temporal development of  impurity line intensities,  soft  x rays (SX),  global radiation (Prad) and line-
averaged electron density (source [14]).

The global radiation amounted from 25% to 35% of the ICRF deposited power compared to 

15% - 20 % in the ohmic and neutral beam phases, respectively.

The presence of neutral beam injection in addition to ICRF heating enhanced the absorption of 

the wave energy from about 50% to up to 90% with respect to the coupled power. Further, radiated 

power became  much  smaller  than  the  auxiliary  heating  power  and  thus  there  was  no  final 

disruption.  With  a  small  amount  of  neutral  beam injection  preheating  (about  0.8  MW),  it  was 

possible to coupled ICRF power about 2.6 MW even without wall carbonization. Without NBI, the 

ICRH power is limited to 1.2 MW owing to ICRF heating induced impurity radiation which often 

led to disruptions.

2.2.2.2.1 Sources of metal impurities
Experiments from other machines revealed that impurity production was mainly localized at the 

antenna,  or  in  its  neighbourhood.  In  ASDEX,  the  interaction  of  the  plasma  with  the  FS  was 
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documented  but  it  was  concluded  that  it  was  not  the  dominant  contribution  to  the  impurity 

concentration  in  the  plasma.  The main  argument  was that  the  FS of  ASDEX was coated  with 

TiC/TiN, whilst Fe was the dominant impurity component. Although the flux densities of Ti from 

FS was significantly high, the surface of the antenna was only of order 1% of the total wall surface, 

resulting in a small contribution to the total impurity influx. Consistently, spectral analysis of the 

bulk plasma gave relatively small concentrations of Ti. 

  Measurements revealed that the main metal impurity production was located on the horizontal 

part of the multipole cover and on that part that enters into the divertor. It was hypothesised that the 

sputtering by ions accelerated by the sheath rectification effect were the main cause of the observed 

impurity influx. A field line starting from the centre of the antenna limiter intersected the multipole 

protection further down in the divertor throat. The impurity fluxes rather seemed to depend on the 

distance from the antenna. Further changes in the machine included the covering of the multipole 

protection  plates  with  graphite  cloth  [15].  The  impurity  influx  from antenna  limiters  was  not 

documented. Since the antenna limiters were made by carbon, it is important to highlight that the 

occurrence  of  a  possible  high  carbon  influx  from  limiters  would  not  have  prevented  plasma 

operation.

2.2.2.2.2 Increase of coupled power by carbon or boron vessel coating
To reduce the ICRF induced metal  impurity production,  an extensive in situ carbon coating 

(carbon layer a few hundred angstroms thick via glow discharge) of the vessel wall was applied.  

With fresh carbonisation of the vacuum chamber the global,  the radiation was strongly reduced 

more than a factor of two. Carbonization reduced the central radiation and iron concentration by 

almost an order of magnitude. By means of this effect, the coupled ICRF power was increased up to 

2.6  MW for  duration  of  1.5  s  [16,  17].  Using  neutral  beam injection  preheating,  the  help  of 

carbonization  in  reducing the impurity  influx resulted  to  be less effective.  Similar  results  were 

obtained for boronization. For both cases, the radiated power was as low, about 15% of the injected 

heating power.  Further,  It  was observed,  that  the radiated power decreased with higher  plasma 

density.  With carbonization,  ICRF heating led to transition into H-mode regime in combination 

with beam heating. With ICRF heating alone, the H mode was produced for the first time in the 

hydrogen minority scheme in D-plasma, utilising a coupled RF power of 1.1 MW [17]. 

After  a  finite  number  of  discharges  the  carbon  or  boron  layer  was  eroded  and  the  iron 

concentration increases again rapidly. Boronization provided a protection against iron production 

which lasted longer than that produced by carbonization. With respect to the light impurities, the 

boronization  was  clearly  much  better  than  the  carbonization,  because  the  oxygen  level  still 

remained very low when the layer was almost totally eroded. This was probably due to the gettering 

30



effect of oxygen due to the remaining boron.

2.3 Current ICRF heating experiments with metallic first 
wall

2.3.1 Alcator C-Mod tokamak

Alcator C-Mod started operation at the Massachusetts Institute of Technology in May 1993. It is 

a compact,  high plasma density (up to 1021 m-3), high field (up to 8 T) and high power density 

device, thus exploring a not typical regime in the world fusion program. Its major plasma radius is 

0.67 m and minor radius is 0.22 m. Both limited and diverted plasma shapes can be performed. The 

discharge length is about 2 s, during which the required 500 MJ are delivered by an alternator.

The vacuum chamber is made of stainless steel and covered with molybdenum  (Mo) high-Z 

tiles, which have very similar properties to W. It provides operational experience with high-Z PFC 

and allows predictions for ITER and future reactor where high-Z material will be used.

ICRF heating is the only auxiliary heating system in C-Mod. Initially, three ICRF antennas were 

installed on the machine, in the D, E and J horizontal ports. The center-grounded end-fed two-straps 

antennas at D and E (Figure 2.6 (a)) port (still present) are structurally identical and they operate 

with fixed dipole phasing at 80.5 and 80 MHz respectively. Their FSs are aligned with the nominal 

magnetic field pitch, ~10° and is ~27% optically transparent. Each antenna is connected to a 2-MW 

transmitter. Antennas provide power density was of 10 MW/m2.

Figure 2.6:  Pictures of D-Antenna (a) and J-Antenna (b) as installed in the vacuum vessel.

The antenna at J-port (Figure 2.6 (b)) (installed in 1998 ) was a compact four strap antenna. It 

operated in frequency range from 40 to 80 MHz with various phasing for heating or current drive. 
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[18]. The current  straps were end-grounded with a central current feed and  connected in pairs to 

two 2-MW transmitters. 

2.3.1.1 Earlier experiments and ICRF power coupling

During operation with the metallic plasma-facing components, the level of Mo impurity in the 

plasma core was found to scale with the RF power.  Mo concentrations rose rapidly after the H-

mode transition up to 0.1% which led to cooling the plasma by enhanced line radiation, reducing 

energy confinement, and/or causing  transition back to L-mode.

Figure 2.7: Examples  of  discharges  from pre-boronization (black),  post-first-boronization (red),  and post-second-
boronization (green). The traces for a number of parameters are given: (a) line-averaged density; (b) stored energy;  

(c) RF launched power; (d) radiated power from the plasma centre; and (e) brightness of a Mo XXXI line (11.599 nm)
(source 19). 

The waveforms for three discharges performed before boronization of the first wall, after first 

boronization,  and after  the second boronization,  are  shown in Figure 2.7. The pre-boronization 

discharge started in the H-mode with a rapid increase in density and radiation. An equilibrium was 

then reached with improved particle confinement, as evidenced by the very small increase to the 

final H-mode density, but poor energy confinement. The maximum coupled RF power was around 3 

MW. A Main  fraction  of  the  plasma radiation  was  attributed  to  Fe  and Mo.  They came from 

stainless steel vacuum chamber that is covered with Mo tiles. Unlike in other machines, there is H 
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model without disruptive instability occurring in the edge region of a tokamak plasma called edge 

localized  mode  (ELM).  This  modes  in  Alcator  C-Mod  are  typically  characterized  by  a  large 

increase in core impurity radiation due to increases in core density and impurity confinement time. 

There  was  an  improvement  after  the  first  boronization,  with  increased  stored  energy  and 

reduced radiation. Both the density and the radiation rose more slowly at the beginning of the H-

mode.  The stored  energy,  although initially  high,  fell  down as  the  radiation  continued to  rise. 

Finally, after the second boronization, the combination of higher powers and lower radiation led to 

the best discharge performance.[19]. Up to 5.25 MW was of the RF power was coupled to plasma.

During post-campaign inspections, it was  discovered that the boron layer was removed from 

only a few regions as shown in Figure 2.8: the outer divertor strike point; the upper gusset tiles, tiles 

on the top of  the outer  divertor,  and plasma limiters.  Additional  experiments  revealed  that  the 

dominant impurity source was outside the divertor, either the upper gusset tiles and/or the top of the 

outer divertor. Although previous experiments showed that there was a correlation between the Mo 

generated at  the RF limiters  and the central  Mo content,  the plasma performance and core Mo 

content did not change when the Mo RF limiter tiles were replaced with insulating BN tiles. This 

suggested that the antenna structure, RF limiter, and plasma limiter Mo sources were secondary 

compared with some other source. Open field lines that terminated on top of the outer divertor 

passed near the antennas had possibly RF enhanced sheaths, that were likely responsible for core 

Mo and erosion of the boron coating. 

Figure 2.8: Poloidal  cross  section  of  C-mod discharge  showing (A)  upper gussets,  (B)  plasma limiter,  (C)  outer  

divertor, poloidal projection of field lines passing in front of antenna and terminating on outer divertor, and (D)  the  
outer divertor strike point (source [20]).
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In  most  conditions,  the  fast-wave  cut-off  surface  is  in  the  limiter  shadow  and  the  short 

evanescent layer distance results in relatively high coupling compared to other large-size tokamaks. 

2.3.1.1.1 Operation without Faraday screen
FSs have become standard part of an ICRF antenna. Nevertheless a shield-less antenna would 

have several advantages: remove a potential impurity source, reduce RF losses, and simplify the 

antenna  design.  Screen-less  operation  under  various  plasma  conditions  in  different  tokamaks 

reported various results. They can be summarized as follows.  In JET, results showed that a screen 

is necessary, and the elements had to be aligned with the equilibrium magnetic field  and be coated 

with low-Z material to avoid high-Z impurity production. In TEXTOR, good antenna performance 

without a screen was demonstrated in L-mode discharges and In AUG, the shield-less antenna had 

lower  heating  effectiveness. In  DIII-D  reported  degraded  voltage  handling,  increased  impurity 

production, and lower heating effectiveness for screen-less operation [20]

During operation without FS the heating effectiveness was decreased by ~ 10% in L-mode and 

by 15-20% in H-mode discharges compared to operation with FS. In addition, relative Cu density 

showed strong correlation with antenna without a FS. Interaction was observed near the middle of 

the antenna. Cu came from the current straps. Sheath rectified fields near antenna strap midplane 

were assumed to cause Cu sputtering. Further inspections showed no melting of the protection tiles 

which was not the case for operation with FS operation. This suggests the FS contributes to creation 

of localized hot spots on the antenna [20].

2.3.1.2 Recent operation with new field aligned antenna

In 2012 a new Field Aligned (FA) 4-strap ICRF antenna was installed and replaced the 4-strap J 

antenna  [21].  It  is  being  tested  whether  it  can  improve  ICRF  antenna  operation,  particularly 

impurity production. Comparison with the two 2-strap D+E antennas that are placed just next to 

each other forming one toroidally aligned (TA) antenna, are being made. 

The main difference between the two antennas is alignment of antenna straps, septa, and side 

protection tiles (Figure 2.9).  In case of TA antenna these tiles are normal to the toroidal magnetic 

field. In case of FA antenna these tiles are normal to the total magnetic field ( ~100) in order to 

minimize the integrated (along a field line) E// component due to symmetry. Unlike TA cylindrical 

antenna, the FA antenna is helical to conform to plasma shape. Faraday rods of both antennas are 

parallel to the total magnetic field.
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Figure 2.9: Location of ICRF antennas and diagnostics (for monitoring of the plasma potential), currently installed at  
Alcator C-Mod tokamak (source [21]).

Electrically the FA antenna performs well. Misalignment to magnetic field is below 5%. It has 

greater load tolerance than the TA antenna. Power densities are similar to TA and exceed ITER 

requirements. In L-mode, 3 MW have been coupled (~9 MW/m2). For so-called EDA H-mode 2.5 

MW has been coupled  (~7.6 MW/m2)  and for  ELM free H-mode  2 MW has been coupled  (6 

MW/m2).

Comparison of antenna performance between the TA and FA antenna was performed for H 

minority scenario with strong single pass absorption for RF power up to 3 MW, magnetic field 5.2-

5.4 T  and plasma currents 0.6-1.3 MA. Antenna power density exceeds anticipated ITER power 

density. Core impurity content is monitored using VUV spectroscopy Mo XXXI. Local impurity 

(Mo I, Ti I, and B I) sources are monitored with visible spectrometer. It has multiple views of each 

antenna and poloidal protection limiter. Plasma potential is monitored by Gas Puff Imaging (GPI) 

and reciprocating emissive probe. 

In  L-mode  discharges  without  boronization,  plasma behaviour  is  better  for  power from FA 

antenna. Impurity contamination is lower. Radiated power is 25% lower for similar injected power. 

Core molybdenum content is reduced by 30% (Figure 2.10 (a)).

The comparison of antenna performance for H-mode is depicted in Figure (Figure 2.10 (b)). It 

can be clearly seen that core Mo is significantly lower for FA antenna compared to TA antenna. 

Rise time on the core Mo content is significantly slower for the FA antenna than the TA antenna. 

Radiated power for FA antenna is ~ 20-30% lower than for the TA antennas in H-mode. This very 

important results means that the FA antenna performance without wall boronization is similar to the 

TA antenna performance with wall boronization.

Plasma potential is monitored by reciprocating emissive probe and gas puff imaging. Location 

of these diagnostics is drawn in the Figure 2.9. Hot emissive probe monitors the plasma potential  

directly.  It  is  mapped  to  middle  region  of  FA antenna,  where  the  integrated  E// component  is 

expected to be lower than at the ends of the antenna. GPI diagnostic monitors the radial region 
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between ~1 cm behind the antenna tile radius to the last closed flux surface. It is mapped to the  

corners of both the FA and TA antennas where the integrated  E// is  expected to peak. Vertical 

resolution is about 4 cm and radial resolution about 0.4 cm.

Figure 2.10: FA antenna and TA antenna performance comparison for L-mode (a) and H-mode (b) (source [21]).

The  main  results  of  initial  observations  of  the  ICRF-induced  radial  electric  fields  can  be 

summarized as follows as reported by the Alcator C-Mod  team [22]. The plasma potentials are 

strongly affected by the ICRF in regions even far away (1 m) from the active antenna. The RF-

induced potential has a radial maximum on those field lines that just pierce the front face of the 

active antenna. The radial maximum in the potential varies in the poloidal coordinate, depending on 

what  regions  of  the  antenna  the  just-piercing  field-line  samples.  The  radial  maximum  in  the 

potential for a fixed GPI-antenna mapping scales with RF antenna power, ~ P RF
1/2 . “Mapped” radial 

profiles reveal enhanced plasma potential φ and Er structures extending ~1 cm or more away from 

RF limiter surface. This fact can have very important consequences for impurity physics in the 

presence of ICRF heating, since it provides a possible mechanism for modifying the transport of 

impurities through the SOL and increasing the penetration efficiency for impurities during ICRF 

application.  Large  ICRF-induced  potentials  are  also  observed  (using  emissive  probes)  in  the 

shadows of the antennas and limiters, well outside of the region accessed by the GPI view. They 
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can exist in regions not even magnetically connected to an active antenna.

Very surprisingly as shown in Figure 2.11, the measured potentials  for FA antenna are not 

different from plasma potentials associated with TA antenna (comprised of two 2-strap antennas, 

previously called D and J). What is even more surprising is the fact that measured plasma potentials 

for the FA antenna are significantly much larger that for the J antenna, that was replaced by the new 

FA antenna. Nevertheless the impurity production is lower with the FA antenna. It seems that the 

plasma potential is not set by the the integrated E// [21, 22].

Figure 2.11: GPI measured SOL plasma potential (a) for TA and FA antennas and for FA and (b) for J antenna, that  
was replaced by the new FA antenna (source [21]). 

TA antenna was found to have less impurity contamination in dipole phasing (0,π,0,π) rather 

than monopole (0,0,0,0). Measured plasma potential is higher for operation with monopole phasing 

than for the dipole one. This is in disagreement with prediction of the simulation. Further full wave 

modelling shows that the monopole spectrum is modified by the image currents induced on the 

antenna structure. Monopole antenna phasing  launches waves that remain in the plasma periphery 

and thus has poor heating effectiveness [22].

The primary intrinsic impurities in C-Mod are molybdenum and boron, and these contribute to 

the radiated power in all H-modes. In a subset of EDA H-modes, power balance was regulated via 

extrinsic impurity seeding. Low-Z seeding was found to be an effective tool on C-Mod for both 

enhancing plasma confinement and reducing power flow to divertor surfaces via detachment.  It 

tends to break or reverse the correlation between input power and core radiation, a strong sign of 

enhanced compatibility  of  ICRF  heating  with  metal  first  walls.  Spectroscopic  measurements 

confirm reduced core Mo inventory in high-performance seeded discharges, relative to unseeded 

cases [23]. Low Z seeding led to lowering the measured potentials with same injected ICRF power 

[22].  Also  in  this  case  the  integrated  E// fields  do  not  seem to  set  the  final  values  of  plasma 
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potentials in the antenna vicinity. Plasma potential scales as P RF
1/2 .  

To conclude, operational characteristics of this novel, FA antenna are improved. The key results 

is  that  it  has  reduced  impurity  contamination  and  impurity  sources.  The  plasma  potential 

measurements challenge the underlying hypothesis that field line symmetry would reduce integrated 

E// resulting  in  lower  RF  enhanced  plasma  potentials.  Further  work  is  required  to  clarify  the 

underlying physics.

2.3.2   AUG tokamak 

The AUG tokamak is a medium size divertor tokamak (major radius R = 1.65 m, minor radius 

a = 0.5 m), with elongated plasma shape, which started operation in Garching (Germany) in 1990. 

Its magnetic and divertor geometry is close to the ITER tokamak and thus the scientific programme 

focus  on  preparation  of  the  physics  base and discharge  scenarios  for  ITER tokamak  and their 

compatibility with the full W wall.. The installed heating power of up to 28 MW and plasma current 

is up to 2 MA. Since 1999 AUG tokamak is pioneering the use W PFCs. The W coverage of the 

inner vessel interior was performed step by step and full coverage was reached in 2007.

2.3.3   ICRF heating system

The ICRF antenna with narrow limiters is designed to operate over a wide range of frequencies 

(30-80 MHz) in order to allow minority heating and second harmonic heating at a toroidal field up 

to 2.7 T. Antenna extends over 0.86 m vertically. It consists of two toroidally spaced radiating loops 

(straps), which can be operated in (0, π), (0, π/2) or (0, 0). Mostly, (0, π) phasing operation with a 

maximum spectral power at  k//  8 m∼ −1 used because  components near  k// = 0 are reduced which 

leads to increased absorption in the plasma. For (0, π), (0, 0) the launched k// spectrum is symmetric 

with respect  to  k//  = 0,  whereas for (0,  π/2) phasing  the spectrum is  asymmetric.  Asymmetric 

spectrum can be used for current drive. Typical cut-off density is approximately 3.8 · 1018 m−3.

Radiating loops are protected by limiters, a frame surrounding the antenna, and FS that ensures 

proper polarization of the radiated wave field pattern. The loops are folded in the poloidal direction 

such  that  even  at  the  high  frequency  of  80  MHz a  rather  flat  poloidal  current  distribution  is 

achieved. The straps are fed asymmetrically with two feed points that located on top of each other 

(Figure 2.12). A septum places between the straps reduces the vacuum coupling between them. 

Power density is 2.35 MW/m2, which is rather low [25].  
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Figure 2.12: Perspective view (exploded) of the antenna; the FS is red, limiters are white, radiating straps are blue and  

ping and the antenna box and the septum are cyan.

First  limiters  were  made  from graphite.  First  the  optically  open  FS  was  made  of  15  mm 

diameter Me rods, covered by 4 µm of TiC deposited by chemical vapour deposition. The screen 

rods are at an 15° angle to align them with the total magnetic field.

AUG is equipped with four ICRF antennas, each connected to 2 MW generator via vacuum 

insulated feeding line, an impedance matching network and transmission lines. The system can be 

used for  hydrogen minority heating at 2 T,  helium minority heating at 3 T and second harmonic 

hydrogen heating at the highest field of 4 T. Each generator is connected, via transmission lines, an 

impedance matching network, and a vacuum insulated feeding line to an antenna. 

The antennas present a changing loading impedance which depends on the antenna geometry 

and varying boundary conditions  (mainly plasma density)  in  front of the antenna.  The changes 

occur on a time scale varying between particle confinement time and ELM events. The changes can 

be as fast as 50  μs.  Typical values of loading resistance are from 1 to 10  Ω and changes in the 

electrical length up to 35 cm.

2.3.3.1 Experiments and ICRF coupling

Before  W  covering  the  ICRF  antenna  limiter,  5  MW was  routinely  coupled  to  plasma. 

Maximum  achieved  coupled  power  was  6.55  MW  for  2.5.  In  addition,  ICRF  heating  was 

successfully used to to avoid W accumulation in the plasma centre. 

After having coated all poloidal low field side antenna limiters with W, increased W influx from 

these parts was observed. This led to increase of  W concentrations in the plasma and limitation in 

operation also due to the fact that the penetration probability for impurities generated in the main 

chamber  is  much  higher  than  that  for  divertor  source.  Nevertheless  it  should be  noted  that  W 

concentration is ultimately determined by the plasma transport,  not only by the W sources [26] 

When W concentration CW reaches above 5·10−5, it often leads to a radiative collapse of H-mode 

plasmas or a back-transition to L-mode. The total W content during ICRF is characterized by the W 
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concentration CW measured spectroscopically (see, for example, [27]).

The ICRF-related W sputtering was documented by various diagnostics. Locations of antennas 

and diagnostic is depicted in the Figure 2.13 (a). Several of the limiters of antenna 4 are connected 

to the antenna frame via shunts which provide measurements of the rectified current  IDC flowing 

through  the  limiters.  In  order  to  measure  floating  potential  a  Langmuir  probe  with  a  low RF 

impedance was implemented far from the antennas and is connected to the antenna pair 12 along 

magnetic field lines with the connection lengths above 4 m. Further, eight poloidally distributed 

lines of sight for antenna 3 and five for antenna 4 measure W and hydrogen D(H) line intensities 

that  are  linked directly  to the  particle  fluxes  (ГW and  ГD correspondingly).  Effective  sputtering 

yields YW are calculated by dividing ГW by ГD measured on the same line of sight. 

Figure 2.13: ( a)  Locations of antennas and diagnostics in the torus, (b)  characterization of the W release during 

ICRF power input consequently from antenna pairs 12 and 34 for shot #22797 before boronization (source [29]}.

As can be seen in Figure 2.13 (b),  application of ICRF power (in sequence antenna pairs 12 and 34) 

leads  to  an appearance  of  parallel  RF electric  fields  E//.  Electrons,  more  mobile  than  ions,  are 

accelerated in the fields, follow the magnetic field line and hit limiters. The presence of electrons is 

registered  by  predominantly  negative  values  of  IDC measured  on  the  limiter  shunt  of  powered 

antenna 4. The loss of electrons leads to an increase in the plasma potential. The increase in the 

average plasma potential is indicated by an increase in Vfl measured by the floating probe connected 

to the antenna pair 12 when these antennas are powered. Further, significantly increased effective 

sputtering yield YW is measured spectroscopically at antenna 4 and is shown for a single line of 
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sight around the middle of antenna 4 right limiter.

After boronization, YW and CW are strongly reduced, nevertheless this effect last only about 20 

shots before boron erosion on the ICRF antenna limiters. Apart from boronization, a noticeable but 

not sufficient reduction in YW and cW in the plasma during ICRF operation with W wall can be 

achieved by: (a) forcing low temperature conditions at the PFCs using a large clearance between the 

separatrix and the antenna (>6 cm) and by elevated gas puff rates; (b) decreasing the intrinsic light 

impurity  content  (mainly  oxygen  and  carbon  in  AUG);  (c)  operation  of  neighbouring  ICRF 

antennas at the phase difference close to -90o. Nevertheless these methods are limited [27].

Further observations showed that there are abrupt changes of spectroscopically measured W 

sputtering patterns that correlate with step-wise changes of connection lengths at antenna limiters. 

Analysis  of  discharges  with  the  reversed  direction  of  toroidal  magnetic  field  revealed  less  W 

sputtering  compared to  identical  discharges  with the  normal  direction.  The lower W release  is 

accompanied by lower intensity of fluctuations of reflected ICRF power in the 1–60 kHz range. The 

observations  indicate  that  local  magnetic  geometry  and  density  convection,  such  as ExB 
convection, at the antennas play also a dominant role W sputtering apart from distribution of RF 

near-fields at the antenna [28].

2.3.4    Recent operation with new partly optimized ICRF antenna

In  2010,  a  new  wide-limiter  antenna  was  installed  in  AUG  [30]. The  antenna  was  partly 

optimized based on ANSYS HFSS calculations with flat antenna geometry and water load. The 

strategy was to  reduce  the  E// fields  at  the  antenna  mouth  mainly  by managing  the  RF image 

currents on antenna structures. 

As documented in Figure 2.14 (b),  the optimized antenna includes: wider antenna limiters (1) 

that  impose  E// = 0 boundary condition close to the antenna and are meant to reduce  E//,  poloidal 

stripes  (2)  to  allow poloidal  RF currents  to  flow on the slotted  limiters,  an additional  internal 

poloidal plates (3) which are installed  behind the FS to carry a large fraction of image currents, 

bias-cut straps (4) to increase distance between straps and protruding limiters and to reduce image 

currents on the limiters. The space inside of the antenna is used for the optimization, because the in-

vessel components on the sides of the antennas can not be made non-protruding for AUG due to 

diagnostic ports [31].
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Figure 2.14:  Partly optimized wide antenna configuration (a) front view, (b) side view (source [31]).

The antennas have been tested in an H-mode scenario with 5 MW of neutral been injection 

heating  power,  at  a  magnetic  field  Bt  =  -2T and plasma  current  Ip  =  0.8MA with  constantly 

decreasing D gas injection rate ΓD2. 0.5 MW of central ICRF heating power per antenna was used at 

frequency  30  MHz.  In  such  conditions,  there  is  a  lower  threshold  of  ΓD2,  from which  the  W 

accumulation in the plasma develops. Application of ICRF power using the broad-limiter antenna 

prolongs the phase without W accumulation to lower injection rate ΓD2. 

Figure 2.15: ΔCW  due to 0.5 MW of ICRF power from original (blue stars) and the broad limiter antennas (red  

triangles), (source [30]).

The antennas comparison is shown in Figure 2.15, where the change of W concentration ∆CW 

due to ICRF is shown with respect to ΓD2.  ΓD2 is normalized to allow the use of the data taken at 

different machine conditions during the 2011 campaign. Value of ΓD2norm=0 corresponds to the W 

accumulation  threshold,  whereas  ΓD2  norm=1  corresponds  to  the  maximum  value  of  ΓD2  at  the 

beginning of ramp-down of the gas injection rate. The data plotted is limited to ΓD2 norm>0.1 to show 
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stationary conditions only. It is shown that ∆CW  is about 40% lower for the broad-limiter antenna 

than  for  the  original  antenna  at  the  low gas  injection  rates.  For  higher  gas  injection  rates  the 

different is not so high but still significant [30]. 

Figure  2.16  shows comparison  local  measurements  of  ∆YW  at  a3  (original)  and  a4  (broad-

limiter), averaged over the time of operation of either  a3  or  a4, and over the same range of the 

vertical positions of the measurements, depending on the plasma outermost position Rout. It can be 

seen that the broad-limiter  a4  is characterized by lower  ∆YW, both for the inside and the outside 

rows of the lines of sight, and especially so at higher Rout when the plasma is closest to the antenna. 

Thus at Rout ≈ 2.165 m, ∆YW measured at a4 is about 40% lower than at a3. The improved operation 

of the broad-limiter antenna seems to be related to the reduced W sputtering,  rather than to the 

changes in the heating efficiency [30]. 

Figure 2.16: (a) The broad-limiter antenna in AUG with spots of spectroscopic observation.(b) ΔYW comparison for a3 

and a4 depending on the plasma outermost position Rout using data from #26541-26544 (source [30])..

It should be noted that diagnostic capabilities which existed so far in AUG did not allow to 

confirm that the reduction of ∆YW is caused by the reduced E//. In order to help resolving this, a new 

retarding field analyser which connects along magnetic field lines to a4 has been introduced and 

tested in the summer of 2012. Measurements of plasma potentials are planned for 2013.

Two completely new three-strap antennas are planned for installation in 2013. ANSYS HFSS 

calculations  of  the near  fields  for the  antenna shows a significant  reduction  of  E// component|. 

Figure 2.17 presents a front view of the antenna CAD model. The principle of the design is based 

on finding a minimization of image currents by balancing between the (0 π)-phased image current 

contributions. This is done by controlling the phase and the power distribution between the outer 

straps and the inner strap [30].
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Figure 2.17: Front view of the three-strap antenna that is planned to be installed in 2013 (source [30]).

In order to improve the ICRF antennas behaviour in short-term period,  side limiters of two 

antennas (a1 and a2) were coated  by a 50 mm thick layer of boron. This lead to reduction of W 

concentration  and  the  dominant  role  of  the  antenna  limiters  in  the  W  sputtering  was  again 

confirmed. Improved ICRF antennas behaviour allowed performing of ITER-relevant experiments 

with ICRF heating in AUG.  

2.4  Summary

In summary,  we have  shown that  early experiments  that  tested  for  the  first  time the  ICRF 

heating scenario in tokamaks by using metallic wall, obtained the same not tolerable impurity influx 

that,  more  recently,  occurred  on  AUG.  In  the  latter  experiment,  conditions  of  reactor-relevant 

tungsten PFCs have been used, indeed, similar to those utilised in early ICRF experiments. The 

more  probable  interpretation  of  the  circumstance  that,  after  the  early  attempts,  the  ICRF 

experiments  became successful  is  thus not only due,  as  generally  believed,  to  the utilised  new 

antenna configuration but, rather, to have used low-Z plasma faced materials. The proof relies in the 

circumstance that, by using the same antenna set-up, but a metallic rather than carbon wall, AUG 

experiments have met the same failure of plasma operations that occurred in early experiments, due 

to strong impurity ingress produced by unexpected wave-plasma interactions at the plasma edge. 

Therefore, the important problem that prevents the ICRF power to be utilised as a robust toll for a 

future  thermonuclear  reactor,  has  been  remained  unsolved  for  very  long  time.  Consequently, 

complex  phenomena  of  wave-plasma  interaction  should  be  considered  as  cause  producing  the 

observed ICRF power impurity influx and parasitic damping at the edge of the coupled RF power. 

This issue represents one of the main focus of this thesis.
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3   RF-enhanced sheaths and ICRF antenna 
performance modelling overview

3.1 Introduction

Heating or current drive in the core plasma is  often accompanied with harmful  interactions 

between RF waves and the edge plasma and material  surfaces. Often these interaction limit  the 

amount of coupled power to plasma because they can lead to parasitic power dissipation, reduced 

heating efficiency,  formation of hot spots at  material  boundaries,  sputtering,  self-sputtering and 

arcing in the antenna structure. It is assumed, that many of these interactions are caused by the 

formation  of  RF-enhanced  sheaths  on  the  boundary  surfaces.  The  RF  sheath  rectification  was 

described for the first time in [32] and later with respect to the ICRF antennas in [6,33]. However it 

still needs to be corroborated from the experiments and better studied.

Ideally, the ICRF antenna is designed to launch a fast wave. In reality, the ICRF antenna can 

also launch a slow wave (either evanescent or propagating), that is linked with E// component, in the 

SOL when the magnetic field is not perfectly aligned with the antenna structure. Additionally, when 

the fast wave encounters a material structure, the Maxwell equation boundary conditions require 

that it couples to the slow wave. The slow wave interacts with a material boundary (wall, antenna 

limiters, divertor, any obstacle or PFCs) and drive RF-enhanced sheaths there.

According to  [34],  parallel  image RF currents  j// flowing  on the antenna structure plays  the 

dominant role in the formation of antenna parallel near-fields. In  the paper, a simple relation is 

established  between  the  RF  current  distribution  on  the  wave  launching  structure  and  the  2D 

mapping  of  RF  potential  in  a  transverse  plane,  thorough  a  Green's  function  that  makes  no 

approximation and accounts self-consistently.

For fusion community,  it  is  important  to  improve rather  poor understanding the underlying 

mechanisms  driving  the  wave-plasma  interactions  and  to  develop  a  quantitative  modelling 

capability for experimental design and interpretation, which does not yet exist.

3.2 RF-induced sheath formation

The hot plasma in fusion devices is not in direct contact with the first wall but is separated from 

it by a thin boundary layer of space charge called the sheath. In the absence of this sheath, at the 

beginning of the discharge without any RF heating, the plasma would lose more electrons than ions 
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because  electrons  have  larger  mobility.  In  reaction  to  this  overall  loss  of  negative  charges  the 

plasma establishes spontaneously a thin region of positive space charges, whose presence reduces 

flux of electrons to the wall. The electrostatic thermal potential drop across the sheath is stabilized 

at such a value that the plasma loses as many ions as electrons, thus preserving the electroneutrality 

of the core.

The sheath is enhanced  on a metallic surface cut by a line of the static magnetic field in the 

presence of the wave electric field E// (slow wave) driven by an ICRF antenna as depicted in Figure. 

3.1. Now,  instead of being constant in time the instantaneous potential drop across the sheath is the 

superposition of a DC component and RF oscillations of the slow wave. 

Figure 3.1: Formation of an RF sheath on a metallic surface cut by a line of the static magnetic field in the presence of  

the wave electric field E// driven by an ICRF antenna.

The electron conduction current through the sheaths is a non-linear (exponential) function of the 

instantaneous sheath potential.  Electrons,  that are more mobile than ions, follow changes of the 

fields fast and are lost on the material boundary. Therefore, in order to preserve the time-averaged 

electroneutrality over one RF cycle, the DC component of the electrostatic potential VDC needs to be 

increased compared to its value without RF oscillations (see Figure 3.2). This non-linear process is 

called "rectification" of the RF oscillations, in reference to the rectifying properties of diodes in 

electrical circuits.

The sheath repels the negative charges and it also accelerates the positive ions (deuterium and 

light impurities) to the walls. Ions of charge Z gain the energy eZVDC across the DC potential. These 

ions hit the PFC where confinement magnetic field of the tokamak cuts a metallic obstacle and 

produce  sputtering  and  unwanted  edge  power  dissipation.  Sputtering  occurs  for  all  types  of 

materials but is particularly critical for high-Z components, since even a low concentration of these 

ions in the plasma (~ 10−5) is able to cause significant radiation losses of the main plasma energy 

(Colas L., personal communication, December 25, 2011). 

The sheath power dissipation reduces the overall heating efficiency and can also cause hot spots 

46



and  physical  damage  on  material  structures,  especially  in  long-pulse  experiments.  Finally,  the 

spatial variation of the sheath potential drives radial E×B convection in front of the antenna. This 

RF-driven transport increases the radial flux of plasma to the wall and therefore the strength of 

interactions such as sputtering and power dissipation. 

Figure 3.2: Non-linear I-V electrical characteristic of the sheath (source [24])

3.3 ICRF antenna modelling

ICRF antenna systems are charged with task of delivering multi-megawatt  RF power to the 

plasma with typically poor loadings compared to other applications. Because of the impossibility of 

testing these antennas in experiments with plasmas, an accurate and efficient simulation tools are 

necessary in order to analyse and optimize the ICRF antenna performance. These needs have driven 

development  of codes such as TOPICA, FELICE [35],  ICANT [36],  RANT3D[37] and others. 

These  codes  can  include  dielectric  tensors  of  magnetized  plasmas,  but  on  the  other  hand they 

usually adopt only very simplified antenna geometries. Among these codes, TOPICA is the most 

advanced tool up to now because it can handle the realistic 3D geometry of ICRF antennas and it 

includes 1D inhomogeneous hot plasma model. Non of these codes include any sheath model, i.e., 

perfect electric conductors are assumed in direct contact with the plasma.

The other option is to use the commercial  3D full-wave electromagnetic simulators such as 

ANSYS HFSS and CST MICROWAVE STUDIO. These programs allows to simulate  realistic 

antenna description and results can be detailed. The main disadvantage of such codes is that none of 

them can account for a fusion plasma which is replaced by water or an unaxial medium. 

47



3.4 RF- driven sheath effects modelling

The  scientific  community  is  putting  a  big  effort  in  self-consistent  accurate  quantitative 

modelling of ICRF antennas and sheath effects which is an difficult computational problem.  In 

order  to  calculate  the  RF sheath  effects,  it  is  necessary to  have  an accurate  description  of  the 

launched RF waves and the RF sheath potential distribution over the boundary surface. Up to now, 

the most  advanced tools available for ICRF antenna simulations,  such as TOPICA code do not 

include any sheath models. According to the simplest RF sheath models [6], [33], RF sheaths can be 

estimated  using the “vacuum field” approximation to the RF sheath potential,  i.e. the integrals of 

the E//, calculated from an antenna code, along magnetic field lines in the vacuum region between 

the antenna and  the load. In this model  the  parallel component (with respect to the confinement 

magnetic field) of RF potential |V//| differs from the DC potential VDC by a mulptiplicative constant. 

Several more self-consistent models can be find in the literature [38, 39, 40]. These models were 

so far studied only in very simple geometries, and are not available for realistic antenna description. 

In more complicated RF sheath models [41, 42] where nearby flux tubes are coupled, e.g. though 

transverse exchanges of current, also the 2D topology of the rectified DC potentials can be changed.

A more self-consistent approach [7, 39, 43]  requires including plasma in the region between the 

sheaths and modifying the boundary condition (BC) to take account of the sheath capacitance. This 

“sheath BC” is given by

Et = ∇ t (∆Dn )  3.1

where the subscripts n and t denote “normal” and “tangential” to the sheath surface, and for self-

consistency the sheath width Δ and sheath RF voltage have to satisfy the non-linear Child-Langmuir 

constraint, 

Δ=λ D(e V DC /T e)
3 /4 , 3.2

where λD is the Debye length and VDC is the rectified sheath potential. This BC incorporates plasma 

dielectric effects and is required for self-consistency of computed RF fields and sheath potential.

Work has begun on first projects with aim to calculate  RF wave propagation in the SOL, and 

sheath formation on the boundary using the sheath BC. For example Massachusetts  Institute  of 

Technology and Lodestar  Research Corporation are collaborating on the development  of a new 

finite-element code [44]. Further work [45] discusses the solution of the cold plasma wave equation 

for  sheath  relevant  density  profiles,  e.g.  highlighting  the  role  of  the  orientation  of  the  static 

magnetic field and of oblique incidence, and underlining the impact the density profile has on the 

wave physics.

Another example is the SSWITCH (self-consistent sheaths and waves for ion cyclotron heating) 
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code. In this code a minimal two-field fluid approach is used to describe RF wave propagation in 

the bounded SOL plasma of magnetic  fusion devices  self-consistently with direct  current  (DC) 

biasing of this plasma (both ends of open magnetic field lines). The RF and DC parts of the model 

are coupled by non-linear RF and DC sheath boundary conditions at both ends of open magnetic 

field  lines  [7].  The  physical  model  include  slow wave and lateral  walls  normal  to  the  straight 

confinement  magnetic  field.  The  system is  excited  by  2D RF field  map  imposed  at  the  outer 

boundary of the simulation domain in order to simulate a complex antenna structure. Further, the 

physical  model  allows  interaction  between  neighbouring  flux  tubes  via  the  exchange  of  self-

consistent RF and DC currents. The code is still under development.

3.5 Summary

Plasma  heating  or  current  drive  using  RF  waves  is  often  accompanied  with  deleterious 

interactions between RF waves and the edge plasma and material surfaces. These interaction are 

limiting for the tokamak operation because they can lead to parasitic power dissipation, reduced 

heating efficiency,  formation of hot spots at  material  boundaries,  sputtering,  self-sputtering and 

arcing in the antenna structure.  Many of these interactions  are caused by the formation of RF-

enhanced sheaths  on the boundary surfaces.  It  is  assumed that  the sources of the RF-enhanced 

sheaths are the RF antenna near-fields parallel to the confinement magnetic field of the tokamak 

(E//) that are rectified in layers of the plasma edge. 

Deleterious RF sheath interactions is necessary to minimize in present and future high power 

fusion experiments with high-Z PFC in order to heat plasma by means of RF waves successfully. 

Edge RF physics is less advanced and is still matter of research. The scientific community is putting 

a  big effort  in  self-consistent  accurate  quantitative  modelling  of  ICRF antennas  and non-linear 

sheath effects which is an difficult computational problem and is still under development. Good 

predictive simulation tools that take the sheath effects into account are still lacking.

Sheath formation is sensitive to the detailed geometry of antenna and PFCs in the SOL and 

further  it  requires  including  the  sheath  boundary  condition  into  the  simulation  domain,  which 

imposes a non-linear constraint. Successful RF sheath modelling that would be able to predict and 

reproduce the sheath effect during experiments is necessary. It is essential for better understanding 

the physics processes that would lead improvement of the ICRF antenna design and identify its 

week points.
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4   AUG ICRF antennas simulations

4.1 Motivation

It is impossible to reproduce completely the tokamak experimental conditions and thus to verify 

the antenna global  performance by proper  tests  performed outside the  tokamak.  Given this,  an 

accurate simulation of these conditions and prediction of the antenna performance is clearly crucial 

in the antenna design. A reliable simulation and prediction of at least some of the physical effects of 

a given ICRF antenna geometry is the key point for its successful optimization. 

In  recent  years,  attention  on  modelling  issues  has  certainly  grown  also  due  to  available 

increasing computer power. In the first part of this chapter, the used simulation tools have been 

briefly described. Further, comparison of impedance matrix computation with ANSYS HFSS and 

TOPICA microwave software for flat AUG ICRF antenna models is given. The next part presents 

simulation results and  analysis of performance of two types of ICRF antenna configurations that 

are currently installed in AUG tokamak with TOPICA software. A detailed study of the antennas is 

dedicated to estimation and comparison the coupled power, E// field distribution, RF potentials and 

rectified DC potentials on the long magnetic field lines in front of the antenna mouth for various 

antenna  loads,  antenna  geometries  and  model  configurations.  Further,  indirect  qualitative  and 

quantitative comparison with experimentally measured values is given. In the last part, estimation 

of radial profile of VDC using SSWITCH software is documented.

4.2 Simulation tool description

4.2.1   ANSYS HFSS 

It is a commercial finite element software for 3D full-wave electromagnetic field simulator from 

ANSYS Corporation [46]. The acronym initially stood for high frequency structural simulator. It is 

widely used for design of high-frequency antennas and other components in industry. 

Typical results for ICRF antenna include scattering and impedance matrices and computation of 

E// in antenna vicinity. Important advantages of ANSYS HFSS software are reasonably fast running 

on a PC, incorporation of detailed geometry and possibility of creation of very fine mesh. It is 

therefore a practical tool to optimize antennas in general. The most important disadvantage is the 

fact that in the present configuration, it can not adopt any plasma. Plasma is replaced by dielectric 
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medium without losses or with electrolyte medium with conductive losses.  

4.2.2   TOPICA 

The TOPICA software was specially developed for prediction and analysis of ICRF antenna 

systems.  Main advantage  of  TOPICA is  that  the  it is  able  to  correctly  account  for  the  plasma 

loading conditions. For purpose of comparison with ANSYS HFSS a new dielectric module was 

adopted by the authors of the software. TOPICA can handle realistic and detailed 3D geometry of 

an ICRF antenna.

The approach to the problem is based on an integral equation formulation for the self-consistent 

evaluation of the current distribution on the conductors. The integration region is divided into two 

coupled  regions:  the  vacuum part  surrounding  the  antenna  and  the  plasma  inside  the  toroidal 

chamber. The two problems are linked self-consistently by representing the field continuity in terms 

of equivalent (unknown) sources. In the vacuum region calculations are done in the spatial domain. 

The arbitrarily shaped conductors and associated currents are described by triangular facets [5]. 

Plasma is modelled with the 1D FELICE code [35]. The wave equation is solved inside the 

plasma in the spectral domain: FELICE calculates the wave fields and provides TOPICA with the 

plasma surface impedance matrix. The plasma can be radially inhomogeneous with fully defined 

density,  temperature  and  magnetic  field  profiles.  The  output  of  TOPICA includes  the  induced 

currents on the conductors (antenna,  antenna box) and the electric  field in front of the plasma. 

Furthermore the antenna circuit parameters (impedance and scattering matrices), the radiated power 

and the electric fields/voltages everywhere in vacuum region can be obtained.

 The code has been parallelized and it can be implemented on a Linux Cluster. Calculation time 

strongly  depends  on  complexity  of  an  antenna  model  and  on desired  level  of  accuracy which 

determines density of the created mesh.

4.2.3   SSWITCH program 

In  the  SSWITCH (self-consistent  sheaths  and  waves  for  ion  cyclotron  heating)  program, a 

minimal two-field fluid approach is used to describe the radio-frequency (RF) wave propagation in 

the bounded SOL plasma of magnetic  fusion devices  self-consistently with direct  current  (DC) 

biasing of this plasma (both ends of open magnetic field lines). The RF and DC parts of the model 

are coupled by non-linear RF and DC sheath boundary conditions at both ends of open magnetic 

field  lines.  The  physical  model  includes  slow  wave  and  lateral  walls  normal  to  the  straight 

confinement  magnetic  field.  The  system is  excited  by  2D RF field  map  imposed  at  the  outer 
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boundary of the simulation domain in order to simulate a complex antenna structure. Further the 

model allows interaction between neighbouring flux tubes via the exchange of self-consistent RF 

and DC currents. The code is still under development. Detailed description can be found in [7].

In this  thesis  the asymptotic  version of the SSWITCH code has been used. The asymptotic 

version provides a good guess for iterative resolution of the full non-linear DC+RF model. The self-

consistent RF+DC system is solved explicitly in the asymptotic limit when the width of the sheaths 

gets very large. This simplified regime is reached as the RF power launched by the ICRF antenna 

tends to infinity. 

4.3 Comparison  of  impedance  matrix  computation  with 
ANSYS HFSS and TOPICA microwave software for flat AUG 
ICRF  antenna

4.3.1   Introduction

The ANSYS HFSS software was the only tool routinely used in the past for AUG ICRF antenna 

performance prediction and design optimization. A more accurate and efficient modelling would be 

necessary to optimize the ICRF antenna design for realistic operation parameters.  The TOPICA 

software would satisfy this need. Performing comparison in terms of Z matrix was the first step on 

the  way  of  utilizing  the  TOPICA  software  for  AUG  ICRF  antennas.  Similar  results  of  both 

programs would exclude any error in the geometry and meshing and provide validation of TOPICA 

against ANSYS HFSS, that has not been done before. Further, the results could be considered more 

trustworthy as the programs are based on different  approach. This  would encourage the use of 

programs like TOPICA and ANSYS HFSS for reliable  prediction of some aspects of the ICRF 

antenna performance. 

4.3.2   Models and simulation description

Simplified models of the narrow AUG ICRF antenna, early installed on AUG, have been used 

for the comparison presented here. The models are flat without considering any poloidal or toroidal 

curvature and consist  of rectangular  box with thin side walls  and straight  radiating  straps with 

asymmetric power inputs and asymmetric short circuits (two per strap). In the first model (Figure 

5.1  a))  neither  limiter  nor  FS  are  included.  The  other  model  (Figure  5.1  b))  comprises  these 

components.  Volume tetrahedral and surface triangular mesh elements are used in ANSYS HFSS 
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and TOPICA respectively.

In  order  to  compare  both  tools,  it  is  necessary  to  set  up  the  same  input  condition  of  the 

simulations.  In  TOPICA, all  antenna parts  are  considered as perfect  conductors  and antenna is 

placed into a recess which is limited by the load edge (Figure 5.2 b)). Any load is simulated by 

infinitely extended (poloidally,  toroidally and radially)  layer.  On the contrary in ANSYS HFSS, 

cuboid of load is placed in front of the antenna. To achieve the same input condition, an outer large 

box has to be introduced to an ANSYS HFSS model and the cuboid of load has to be extended 

enough poloidally, toroidally and radially (Figure 5.2 a)). Radiation boundary conditions are set up 

at the front and side and surface of the load and all antenna parts and the outer box are considered as 

perfect  conductors.  Distance  between the  FS and the  load  is  2.5  cm and between the  antenna 

limiters and the load 1 cm. Simulations are performed for frequency 30 MHz which is typically 

used  for  the  AUG  ICRF  heating  experiments.  Three  different  loads  are  considered  for  the 

comparison: vacuum (εr = 1), water (εr = 81) and lossy dielectric medium with real part of complex 

relative  permittivity  equal  to  relative  permittivity  of  water  and  imaginary part  (ε'' =  σ/ωε0) 

corresponding  to  effective  conductivity  σ  =  4  S/m.  This  lossy  dielectric  medium  was  chosen 

because it  had been  routinely used for  AUG ICRF antenna performance prediction  and design 

optimization by the ICRF team of AUG tokamak. According to [47] such lossy dielectric mediums 

can preserve realistic coupling to the fast wave.  

Figure 5.1: Simple flat models of the initial narrow ICRF antenna of AUG (a) without limiters and FS (b) with limiters 

and FS.
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Figure 5.2: Scheme of antenna models with the outer larger box used in ANSYS HFSS (a) and  in TOPICA  (b).

4.3.3   Simulation results

The calculated impedance (Z) matrices for both programs and both antenna models can be seen 

in  Tables  4.1 and  4.2. Changes in loading are reflected in real parts of self-impedances.  These 

values are not identical due to asymmetric radiating straps. Real part of self-impedances are low for 

vacuum load and become higher for water and dielectric load. Imaginary part of the self-impedance 

is given by electrical length of the radiating straps and feeding line and has in all cases inductive 

character.  The impedance  coefficients  Z12 or  Z21 express  the mutual  coupling  between the two 

radiating  elements.  Their magnitude  depends  on the  shape,  dimensions  and mutual  position  of 

radiating straps, and even on their current distribution. Negative values of the mutual impedances 

express the fact that for a given spatial arrangement and load, the radiation of one element reduces 

the magnitude of real or imaginary part of the power, which is radiated by the other element of the  

antenna.

The maximum difference for real part of self-terms is 6.5% and for imaginary part 3.1%. In case 

of mutual terms, the maximal difference is 6.1% and 6.8% for real and imaginary part respectively.  

These differences can be due to the different approaches between the programs, mainly in meshing, 

slightly different input conditions and little geometrical discrepancies. From calculated differences 

it can be concluded that the programs are on average in a good agreement for vacuum, water and 

chosen dielectric in terms of Z matrix. This result provides an additional validation of TOPICA 

software.

After performing this comparison, geometrical and mesh errors were excluded and the attention 

has been focused on the plasma computation with TOPICA, since it appears that part of information 

about wave propagation is always lost when gyrotropic plasma is approximated with unaxial media.

ANSYS HFSS simulations with water and dielectric can preserve realistic coupling to the fast 

wave however slow wave, whose properties are radially different, is absent of the present ANSYS 

HFSS load since it is isotropic. Previous measurements [49] and modelling [48] show that some 

information is systematically and irreversibly lost when the plasma is replaced by dielectric. 
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Vacuum  Water    Lossy dielectric
Re {Z11} TOPICA 0.0160 4.79 3.92

Re {Z11} ANSYS HFSS 0.0157 4.49 3.96
Difference 1.9% 6.5% 1.0%

Im {Z11} TOPICA 41.09 45.60 31.87
Im {Z11} ANSYS HFSS 39.84 44.73 31.54

Difference 3.1% 1.9% 1.0%
Re {Z22} TOPICA 0.0160 4.52 3.71

Re {Z22} ANSYS HFSS 0.0165 4.51 3.90
Difference 3.1% 0.2% 5%

Im {Z22} TOPICA 36.18 40.04 26.86
Im {Z22} ANSYS HFSS 35.81 40.34 26.74

Difference 1% 0.8% 0.5%
Re {Z12} TOPICA -0.015 -2.91 0.101

Re {Z12} ANSYS HFSS -0.015 -2.81 0.095
Difference 0% 3.5% 6.1%

Im {Z12} TOPICA -2.10 -0.99 -0.55
Im {Z12} ANSYS HFSS -1.99 -1.06 -0.58

Difference 5.4% 6.8% 5.3%
Re {Z21} TOPICA -0.015 -2.91 0.101

Re {Z21} ANSYS HFSS -0.015 -2.81 0.095
Difference 0% 3.5% 6.1%

Im {Z21} TOPICA -2.10 -0.99 -0.55
Im {Z21} ANSYS HFSS -1.99 -1.06 -0.58

Difference 5.4% 6.8% 5.3%

Table 4.1: Comparison of Z parameters for the model without FS and limiters for TOPICA and ANSYS HFSS. 

   Vacuum  Water    Lossy dielectric
Re {Z11} TOPICA 0.0230 4.76 5.67

Re {Z11} ANSYS HFSS 0.0225 5.54 5.51
Difference 2.2% 4.7% 2.9%

Im {Z11} TOPICA 48.94 78.70 52.04
Im {Z11} ANSYS HFSS 48.40 77.54 51.30

Difference 1.1% 1.5% 1.4%
Re {Z22} TOPICA 0.0211 4.51 5.32

Re {Z22} ANSYS HFSS 0.0219 4.71 5.54
Difference 3.7% 4.3% 4%

Im {Z22} TOPICA 42.12 68.83 44.8
Im {Z22} ANSYS HFSS 40.98 67.25 44.2

Difference 2.7% 2.3% 1.4 %
Re {Z12} TOPICA -0.22 -3.64 0.30

Re {Z12} ANSYS HFSS -0.22 -3.52 0.29
Difference 0% 3.4% 3.4%

Im {Z12} TOPICA -0.27 -1.77 -2.56
Im {Z12} ANSYS HFSS -0.26 -1.68 -2.47

Difference 3.8% 5.2% 3.6%
Re {Z21} TOPICA -0.22 -3.64 0.30

Re {Z21} ANSYS HFSS -0.22 -3.52 0.29
Difference 0% 3.4% 3.4%

Im {Z21} TOPICA -0.27 -1.77 -2.56
Im {Z21} ANSYS HFSS -0.26 -1.68 -2.47

Difference 3.8% 5.2% 3.6%

Table 4.2: Comparison of Z parameters for model with FS and limiters for TOPICA and ANSYS HFSS. 
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4.4  TOPICA simulations 

4.4.1   Overview of the simulation process

The presented modelling results are focused on the antenna performance in terms of RF sheath 

effects that lead to enhanced impurity production. Antenna performance, with regard to impurity 

production,  can  be  expressed  with  the  RF  sheath-driving  potentials  V//.  Most  of  simulations 

presented in this section have been performed in presence of plasma, to keep the useful information 

about  wave propagation  which  is  lost  when a  dielectric  load  is  assumed.  Two types  of  ICRF 

antennas that are currently installed on the AUG tokamak have been considered: a)   the narrow 

antenna configuration, early installed on AUG, and b) the partly optimized new antenna that has 

wider dimensions. Each step of modelling is outlined and the main assumptions are discussed.

The simple RF sheath model, assuming independent flux tubes, has been taken into account in 

this section. Within this simple model [6], each open flux tube of the confinement magnetic field is 

treated  as  double  Langmuir  probe.  Between  extremities  of  the  open  flux  tube,  powered  ICRF 

antenna drives RF potential

     V// = ∫fluxtube E// dz   4.1 

where integration is performed over the open field lines that are extended toroidally far away on 

both sides of the antenna structure and connect (magnetically) the antenna vicinity with other PFC. 

As a response of the double probe to the sinusoidal RF drive  V// and due to the non-linear I-V 

electrical characteristic of the sheath, the flux tube gets biased to a DC rectified potential VDC with 

respect to the material boundary as discussed in Chapter 3.

According  to  [51],  assuming  e∣V / /∣≫k T e  and  ω 0≪ω pi ,  VDC/|V//|  ranges  from  1/π to  0.5, 

depending on the parametric domains. In this section of the thesis, formula coming from the simple 

RF sheath models [6]

                             VCD = 0.4 |V//| 4.2

is used. Evaluation of V// according to Equation 4.1 is not self-consistent, as the sheath potentials are 

estimated from E// component without considering proper sheath boundary conditions. Moreover it 

was proved that whenever nearby flux tubes are coupled, also the 2D (radial/poloidal) topology of 

rectified DC potentials transversally to the flux tubed can change. Nevertheless producing the maps 

of E//   component and |V//| gives a first important insight into the distribution of VDC. Regions with 

high E//  have also high rectified DC potentials. 
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4.4.2   RF field mapping and plasma parameters

The first step of the simulation process includes preparation and meshing of an antenna model 

in a drawing and preprocessing tool. For the purposes of this thesis, the GiD preprocessor and post-

processor [50] has been used. 

Figure 5.3: Flat model of the partly optimized wide antenna configuration with thinner straps and asymmetric wider  

limiters.

The flat  and curved models  of the initial  (narrow) and partly optimized (wide) AUG ICRF 

antennas have been assumed (see Figures 5.1 b), 5.3 and 5.4 ). Flat models were drawn directly in 

GiD software. Curved models were imported from the technical drawings and, therefore, all the 

geometrical  details  of  the  antennas  are  included.  All  antenna  models  are  meshed  in  boundary 

elements of triangular shape.

Figure  5.4:  Curved  models  of  (a)  initial  narrow  ICRF  antenna  model  and  (b)  partly  optimized  wide  antenna  
configuration with thinner straps and asymmetric wider limiters. (To see better the radiating strap part of the Faraday  

screen was removed).
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Figure 5.5: Shape and location of plasma boundary (aperture) and  surface where E// values are calculated provided 

curved antenna model.

In order to perform simulation in TOPICA software, an antenna model is placed into a recess 

and limited by aperture that follows curvature of the antenna limiters and represents load (plasma) 

boundary.  The chosen shape of the plasma boundary corresponds to the plasma shape with low 

triangularity, which is defined for example in [2]. The plasma boundary is located 8 mm in front of 

the antenna limiters.  In this position,  the plasma density is already very low and therefore it is 

reasonable when the plasma is approximated by vacuum in the region between the plasma boundary 

and the antenna. In this vacuum region a surface for  E// component calculation is defined. This 

surface follows the shape of the load (plasma) boundary (Figure 5.5). In addition, for a consistent 

comparison of both antennas the same mesh density and shape of load boundary and surface for E// 

field calculations are assumed to reduce any source of additional differences. 

Computation of the integral of  E// component along the magnetic field lines is performed in 

MATLAB (Matrix Laboratory) numerical computing environment with adoption of an algorithm 

based on the Inverse Distance Weight. Further, a simple interpolating algorithm 'smooth' is applied. 

This algorithm is available in MATLAB using a moving average filter. 

The average spatial  resolution used for all simulations is 3.8 cm and 1.1 cm for the plasma 

boundary surface and the surface for E// component calculations, respectively. The maximal spatial 

resolution is dictated by the available computer resources. Only recently, a more powerful computer 

system HPC-FF (High Performance Computing for Fusion) with computing power of 101 teraflop/s 

became available for European fusion community in Jülich in Germany. This circumstance allowed 

simulating detailed curved antenna models with reasonable resolution.

In all plasma simulations, the typical radial profile of AUG tokamak magnetic equilibrium has 

been assumed (see Figure 5.6). The confinement magnetic field value at the antenna mouth is 1.49 

T, and its  direction is  tilted of 11° with respect to the toroidal  direction.  Moreover,  all  plasma 
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simulations are performed for the L-mode phase of confinement, with plasma consisting of 3% of 

hydrogen minority in deuterium, and for the typical operating frequency of 30 MHz used for the 

minority heating experiments on AUG. All simulations have been performed without considering 

any tuning and matching system, and the coupled power has been calculated assuming Vmax = 30kV, 

in infinite coaxial lines.

Figure 5.6: The confinement magnetic field profile used for the TOPICA simulations.

Plasma density and temperature radial profiles used for the simulations were either measured or 

analytically  derived  from  the  measured  data.  The  measured  profiles  were  obtained  from  the 

Integrated  Data  Analysis  [52].  This  method  allows  to  combine  the  measured  data  from 

heterogeneous and complementary diagnostics  to  consider  all  dependencies  within and between 

diagnostics for obtaining validated and more reliable results in transparent and standardized way. 

Data  from  the  following  diagnostics  are  taken  into  account:  lithium  beam  impact  excitation 

spectroscopy, interferometers, electron cyclotron emission measurements, Thomson scattering and 

reflectometers.  The  final  plasma  density  and  temperature  profiles  used  for  simulations  with 

TOPICA  software  are  derived  by  averaging  the  experiment  profiles  obtained  during  plasma 

discharges  25634,  25654,  25655,  in  which ICRF heating was used,  and considering  three  time 

windows 2.65-2.8 s, 2.65-2.8 s; 3.0-3.2 s in each plasma discharge (Figure 5.7). 

Figure 5.7: Measure density (a) and temperature (b) profiles used for simulations. Cyan line represents the antenna  
cut-off density, magenta lines represent position of the plasma edge.
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4.4.3    Simulation results

4.4.3.1 Analysis of the impact of antenna load on RF potentials evaluation 
for flat antenna geometries

To  analyse  the  impact  of  antenna  load  on  the  RF  potentials  evaluation,  simulations  were 

performed for flat antenna geometries, considering (0,  π) phasing. Two cases of loads have been 

considered: a) plasma with measured profiles depicted in Figure 5.7 and b) lossy dielectric medium 

with real part of complex relative permittivity εr = 81. The imaginary part corresponds to effective 

conductivity  σ =  4 S/m. The  plane were  E// values are calculated is situated 2 mm radially away 

from antenna limiters.

|S11| |S22| |S12| |S21|
Narrow model, dielectric load 0.9276 0.9212 0.0306 0.0306 
Narrow model, plasma load 0.9410 0.9350 0.0252 0.0264
Wide model, dielectric load 0.9333 0.9215 0.0249 0.0249
Wide model, plasma load 0.9497 0.9410 0.0198 0.0211

Table 4.3: Flat geometry: magnitudes of self-terms and cross-terms of  the scattering parameters for given dielectric  
and plasma loads

Table  4.3  presents  the  magnitudes  of  self-terms  and  cross-terms  of  scattering  parameters. 

Magnitudes of self-terms are higher for the plasma load and for the wide antenna configuration. 

Magnitudes  of  cross-terms  are  low compared  to  the  self-terms  and  are  slightly  higher  for  the 

dielectric load and the narrow antenna configuration.  

Figure 5.8: Flat geometry: calculated coupled power to the plasma and dielectric load for the narrow (N) and wide (W)  

antenna geometry.

Figure 5.8 shows the calculated coupled power for both antennas and both loads. It can be seen 
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that, in general, the coupled power is higher for the dielectric load. In case of the narrow (initial) 

antenna, the coupled power is 34% higher for the dielectric than for the plasma load with given 

profiles. In case of the wide antenna configuration the coupled power is 38%. When we compare 

the different  antenna configurations,  the coupling performance is higher for the narrow antenna 

geometry,  likely due to wider radiating straps. It  is 9% higher for the dielectric load,  and 12% 

higher for the plasma load with given profiles.

Figures 5.9 - 5.12 present  E// field map for the dielectric and plasma the load, assuming the 

initial narrow and wide antenna configurations. An input forward voltage of 1V is applied at the 

antenna feeders which exhibit a characteristic impedance 25Ω (which corresponds to 0.02 W of 

incident power). Fields are in all cases predominantly real due to the chosen antenna phasing. It can 

be seen that special structures develop in the region of the antenna corners, and therefore locally 

high potentials are expected there. Similar  structures were obtained with ANSYS HFSS [29,  31]. 

According to recent work [34], these fields are dominated by the parallel RF currents on the antenna 

frame. This result is corroborated by the presented E// field maps, which show that strong E// values 

can exist on all the structures surrounding the antenna, and in particular on the antenna limiters, that 

carry image currents of the antenna straps. The radially protruding limiters are the locations where 

E// component mostly appear due to intersection of the limiter with magnetic field lines. The electric 

fields are forced to be perpendicular to the protruding surfaces and get a large parallel component. 

Depending on the alignment of the limiter curvature with respect to the magnetic field lines, either 

positive or negative E// values appear on the limiter sides. 

Figure  5.9:  Distribution  of  real  and  imaginary  part  of  E// for  dielectric  load  assuming  the  narrow  antenna  
configuration.
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Figure 5.10: Distribution of real and imaginary part of E// for plasma load assuming the narrow antenna configuration.

Figure 5.11: Distribution of real and imaginary part of E// for dielectric load assuming the wide antenna configuration.

Figure 5.12: Distribution of real and imaginary part of E// for plasma load assuming the wide antenna configuration.

The other location where higher  E// values  appear are the side edges of the radiating straps, 
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mainly near the folds of the straps. They do not radially protrude nevertheless here again the electric 

fields are forced to be perpendicular to the edge surfaces and get larger parallel component. In case 

of the flat models these fields are not completely screened by the FS. 

It can be seen that, assuming both antennas, the E// values are less intense with plasma than with 

dielectric load. In contrast to  the  results with plasma, the  E// values for the dielectric load case, 

which appear in the central part and along the upper and bottom horizontal limiters, are stronger. 

Furthermore, E// values are put down for the wide antenna configuration. This result is in agreement 

with previous ANSYS HFSS simulations  [29] and with assumptions  that E// component  can be 

reduced by putting the locations of the intersection of the protruding parts with magnetic field lines 

further away from the antenna. In this condition, the effect of the image currents and electric fields 

of the antenna is lower. Moreover, in case of the wide antenna configuration, the E// values are even 

smaller in the antenna corners than in the central part of the antenna.

Figures 5.13 depict the RF potentials  |V//|  for input forward voltage of 1V and for 1MW of 

coupled power to the load. In all simulated cases the  RF potentials vary along vertical (poloidal) 

position; the peak values are situated in the lower and upper parts of both antennas.  The lowest 

value of |V//| is situated near the central part of the antennas. In case of the simulations relevant to a 

forward voltage of 1V, the peak values of  |V//|  are approximately 50% lower for the plasma load 

than  for  the  dielectric  load,  for both  antennas.  When  we  compare  the  different  antenna 

configurations, the peak values of |V//| are reduced by a factor two for both the dielectric and plasma 

load cases, assuming the wide antenna configuration.

In case of normalization to 1MW of the coupled power, the peak values of |V//| are again lower 

for the plasma than for  the  dielectric load. They are approximately 45%  and 40% lower for the 

narrow  and  for  the  wide  antenna  configuration  respectively.  When  we  compare  the  different 

antenna configurations,  for the wide one,  the peak values of  |V//|  are reduced approximately by 

factor of 1.8 for both the dielectric and plasma load cases.  

Figure 5.13: |V// | calculated for the input voltage of 1V at the antenna feeders (a)  and for 1MW of coupled power to  
the dielectric and plasma load (b) in case of the narrow (N) and the wide (W) antenna configuration.
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4.4.3.2 Analysis of the impact of antenna load on RF potentials evaluation 
for curved antenna geometries

Just as in case of the previous analysis of flat geometries, the simulation for curved geometries 

has  been performed for  (0,  π)  phasing.  Two cases  of  load  have  been considered:  plasma with 

measured profiles, shown in Figure 5.7, and lossy dielectric medium, with the real part of complex 

relative permittivity: εr = 81, and imaginary part corresponding to effective conductivity σ = 4 S/m. 

The plane for E// solution calculation is situated 2 mm radially away from antenna limiters.   

The most complicated issue in this analysis was the creation of a curved plasma boundary that  

would  approximately follow the shape  of  the  antenna limiters.  Many attempts  were done with 

resulting distribution of the electric field that suffered from unreasonably high fields in some small 

areas. The high field areas would not be related to the mesh density. Moreover, they are not present 

in results  of the corresponding flat  antenna geometry,  or curved antenna as well.  Possibly,  this 

circumstance could be originated by a smaller distance in some areas between the electric field 

surface  and  limiters.  Therefore,  a  surface  that  resulted  producing  the  more  symmetrical  field 

distribution, without any unreasonable peaks, has been chosen for making comparison.

|S11| |S22| |S12| |S21|
Narrow model, dielectric load 0.9221 0.9162 0.0360 0.0360
Narrow model, plasma load 0.9379 0.9301 0.0284 0.0280
Wide model, dielectric load 0.9301 0.9183 0.0290 0.0290
Wide model, plasma load 0.9419 0.9374 0.0234 0.0241

Table 4.4: Magnitudes of self-terms and cross-terms of scattering parameters curved models and given dielectric and  
plasma loads.

Table 4.4 presents the magnitudes of self-terms and cross-terms of scattering parameters. Just as 

in case of flat geometries, magnitudes of self-terms are higher for the plasma load and for the wide 

antenna configuration as expected. The magnitudes of cross-terms are small compared to the self-

terms, and are bigger for the dielectric load and the narrow antenna configuration.      

Figure 5.14 shows the calculated coupled power for both  antennas and loads. We see that, in 

general, the coupled power is higher for the dielectric load case. It is approximately 32% and 36% 

higher for the narrow and the wide antenna configuration,  respectively. When we compare  the 

different  antenna  configurations,  the  coupling  performance  is  higher  for  the  narrow  antenna 

configuration: compared to the wide antenna configuration, for the considered profiles, it is 12% 

higher for the dielectric load, and 14% higher for the plasma load.
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Figure 5.14: Curved geometry: calculated coupled power to the plasma and dielectric load  for the narrow (N) and  

wide (W) antenna geometry.

Figures 5.15 - 5.18 present the E// fields map for dielectric and plasma load assuming the initial 

narrow antenna geometry and the wide antenna configurations. An input forward voltage of 1V is 

applied at the antenna feeders which exhibit a characteristic impedance 25Ω (which corresponds to 

0.02 W of incident power). The fields are in all cases predominantly real, due to the chosen phasing. 

It can be seen that, just as in case of the flat geometries, the special structures develop in the region 

of the antenna corners, and therefore locally higher potentials are expected there. 

In agreement with the flat  models,  considering the cases of both antennas, the  E// fields are 

weaker for the plasma than for the dielectric load case. Further, in agreement with flat models, E// 

fields  are  less  intensive  for  the  wide  antenna  configuration.  In  case  of  the  wide  antenna 

configuration, the E// values are even less intense near the antenna corners than in the central region 

of the antenna.

Figure  5.15:  Distribution  of  real  and  imaginary  part  of  E// for  dielectric  load  assuming  the  narrow  antenna  
configuration.
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Figure 5.16: Distribution of real and imaginary part of E// for plasma load assuming the narrow antenna configuration.

Figure 5.17: Distribution of real and imaginary part of E// for plasma load assuming the wide antenna configuration.

Figure 5.18: Distribution of real and imaginary part of E// for plasma load assuming the wide antenna configuration.

In contrast to the  E// solutions found for flat geometries, the structures in the region along the 
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vertical and horizontal limiters show more intense values. Further, for the plasma load case, in both 

antennas, the E// values occurring in layer located in front of the antenna straps are less intense, and 

sufficiently screened by the FS. Some role can also play the fact that the flat models include less FS 

rods than the curved models. In contrast to results for plasma, the E// values for the dielectric load 

that appear in the central part, and they are more intense along the upper and bottom horizontal 

limiters. Further, E// values are put down for the wide antenna configuration.

Figure 5.19 shows the RF potentials  |V//|  for input forward voltage of 1V, and for 1MW of 

coupled power to the load.  Just as in  case of the flat  models,  RF potentials  vary along vertical 

(poloidal) position; the peak values are situated in the lower and upper regions of both antennas and 

for both loads. The lowest value of |V//|  is situated near the central part of the antennas. In case of 

the simulations for the forward voltage of 1V, the peak values of |V//| are approximately 60% lower 

for plasma load than for the dielectric  load for both antennas.  When we compare  the different 

antenna configurations, the peak values of |V//| are reduced, for the wide antenna configuration, by a 

factor of 1.8 for both antenna loads. 

Figure 5.19: |V// | calculated for the input voltage of 1V at the antenna feeders (a) and for 1MW of coupled power to the  

dielectric and plasma load (b) , assuming the narrow and the wide curved antenna geometry.

In case of normalization to 1MW of coupled power, the peak values of  are approximately 55% 

lower for the plasma load than for the dielectric load assuming both antennas. When we compare 

the different antenna configurations, the peak values of |V//| for the wide antenna configuration are 

reduced approximately by a factor of 1.8 for the dielectric and for the plasma load.

4.4.3.3 Analysis of flat and curved antenna models for given plasma load

Flat and curved antenna models of the narrow and wide antenna configurations were analysed 

more in detail in order to check influence of geometrical representation and various phasing on the 

results. Simulations were performed for the plasma with measured profiles depicted in Figure 5.7.

Table 4.5 presents the magnitudes of self-terms and cross-terms of scattering parameters for flat 
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and curved  geometries.  The  values  were  already documented  in  Tables  4.3  and 4.2.  They are 

presented again for purposes of comparison of the flat and curved geometries. Magnitudes of self-

terms are higher for the flat models and the wide antenna configuration. Magnitudes of cross-terms 

are low compared to self-terms and are slightly higher for the curved models.  

|S11| |S22| |S12| |S21|
Narrow flat model 0.9410 0.9350 0.0252 0.0264
Wide flat model 0.9497 0.9410 0.0198 0.0211

Narrow curved model 0.9379 0.9301 0.0284 0.0280
Wide curved model 0.9419 0.9374 0.0234 0.0241

Table 4.5: Magnitudes of self-terms and cross-terms of scattering parameters for curved and flat models for given  
dielectric and plasma loads.

Figure 5.20 presents the calculated coupled power for both flat and curved antennas assuming 

plasma load. The values were already documented in Figures 5.8 and 5.14. They are shown again 

for purposes of  comparison of the flat and curved geometries. It can be seen that the curved models 

couple 7% more power than the flat models, for the given plasma load.  

Figure 5.20: Calculated coupled power to the plasma for flat and curved models of the narrow (N) and wide (W)  
antenna geometry.

4.4.3.3.1 Analysis of curved antenna models for (0, π) phasing
Figure 5.21 depicts RF potentials  |V//|  for input forward voltage of 1V at the antenna feeders 

with characteristic impedance 25Ω (which corresponds to 0.02 W of incident power) and for 1MW 

of coupled power to the load. (0, π) phasing is assumed. Also these curves were already presented in 

the previous comparisons  of the plasma versus the dielectric  load.  They were plotted again for 

purposes of the comparison of the flat and curved geometries. In general  |V//|  values are lower for 

the curved antennas despite of the fact that E// values in the region of the antenna corners are more 

intensive.  The reason can be that  E// values in front of the antenna straps and along horizontal 
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limiters are less intense and better compensation occurred in the integration over the field line.

In  case  of  the  simulations  for  the  forward  voltage  of  1V,  the  peak  values  of  |V//|  are 

approximately 35% lower and 33% lower for the curved than for the flat geometry for the narrow 

and wide antenna configuration respectively. In case of normalization to 1MW of coupled power, 

the peak values of |V//| are approximately 25% lower and 30% lower for the curved than for the flat 

geometry in case of the narrow and wide antenna configuration respectively. 

Figure 5.21: |V// | calculated for flat and curved antenna models for the input voltage of 1V at the antenna feeders (a)  
and for 1MW of coupled power to the plasma load (b).

The detailed analysis indicates  that there are remarkable differences in RF potentials both in 

terms of peak amplitude and location. It can be concluded that a flat model can be a reasonably 

good  approximation  of  a  real  curved  launcher  when  the  power  coupled  to  plasma  has  to  be 

computed. In order to study more localised phenomena, such as RF potentials, a realistic antenna 

geometry  is  necessary,  which  should  take  into  account  even  relatively  small  details  that  can 

however have  influence on the the result of parameters under study. 

Magnitudes of electrical surface current distribution expressed in dB for flat and curved models 

are presented in Figures 5.22 and 5.23. The results are presented for the forward voltage of 1V at 

the antenna feeders. In case of the narrow antenna configuration, it can be seen that there are image 

currents induced on the thin antenna box and limiters. In case of the wide antenna configuration, a 

large fraction of image currents is carried by the additional poloidal plates and, thus, these currents 

are remarkably reduced on the antenna box and poloidal limiters. In general, the image currents 

seem to be slightly more intense for the curved models. The image currents on the toroidal limiters  

are distributed in a similar way for both antennas. These currents  were not influenced by antenna 

optimization.
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Figure 5.22: Magnitude of electrical surface current distribution expressed in dB for flat models: (a) narrow antenna,  

(b) wide antenna configuration.

    

Figure 5.23:  Magnitude of electrical  surface current distribution expressed in dB for curved models: (a) narrow  

antenna, (b) wide antenna configuration.

4.4.3.4 Analysis of the impact of antenna phasing on RF potentials 
evaluation for curved models

The following simulations have been performed for (0, 0) and (0, π/2) phasing, with the aim of 

assessing influence of the different phasing on the RF potentials, and identifying the optimal case. 
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Figures 5.24 and 5.25 present the E// field maps of the narrow antenna, initially used, for (0, 0) and 

and (0,  π/2) phasing conditions.  An input forward voltage of 1V is applied at the antenna feeders 

which exhibit a characteristic impedance 25Ω. In general, the fields are more intense compared to 

results for the (0,  π) phasing.  In contrast to them, it can be noticed that the structures near the 

bottom left antenna corners are more elongated in direction of the vertical limiters. In case of the 

wide antenna geometry (Figures 5.26, 5.27), these structure are present along the whole left limiter. 

E// solutions  in  the  central  part  of  the  antennas  are  relatively  low  for  all  cases,  sufficiently 

suppressed by the FS. 

Figure  5.24:  Distribution  of  real  and  imaginary  part  of  E// provided  (0,  0)  phasing  for  the  narrow  antenna  
configuration.

Figure  5.25:  Distribution  of  real  and  imaginary  part  of  E// provided  (0,  π/2)  phasing  for  the  narrow  antenna  

configuration.
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Figure 5.26: Distribution of real and imaginary part of E//  provided (0, 0) phasing for the wide antenna configuration.

Figure  5.27:  Distribution  of  real  and  imaginary  part  of  E//  provided  (0,  π/2)  phasing  for  the  wide  antenna  

configuration.

Figures 5.28 depict RF potentials |V//| for input the forward voltage of 1V. In all simulated cases 

the  RF potentials vary along vertical (poloidal) position and the highest values are reached with 

(0,0) phasing.  In case of the narrow antenna configuration,  in  contrast  to  the results  for (0,  π) 

phasing, several peaks are situated in the lower part  of the antenna. The peak in the upper part is 

reduced for (0,0) phasing. The highest impurity production can be expected for (0,0) phasing. The 

peak values for (0,  π) and (0,  π/2) seem to be comparable. Nevertheless for (0,  π/2)  phasing, the 

area with higher values is larger, and slightly worse performance is expected to occur. The best 

performance should be achieved for (0, π) phasing. 

In case of the wide antenna configuration, the |V//| values are much more intensive for (0,0) and 

(0, π/2) phasing, and exhibit a noticeable poloidal modulation, unlike the |V//| for the narrow antenna 

configuration. The peak values are in many positions, and they are even bigger than for the narrow 
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antenna. In contrast to the results for (0, π) phasing, several shifted peaks are situated in the lower 

part of antennas. In the upper region, the peak is broader and lower than peaks in the bottom part of  

antenna. The worst performance of the wide antenna configuration is expected to occur for (0,0) 

phasing. The situations is improved for (0, π/2) phasing, and the best performance is predicted for 

(0, π) phasing. 

Figure 5.28: |V// | calculated for different phasing for the narrow (a) and for the wide antenna configuration (b),  

assuming  the input forward voltage of 1V at the antenna feeders.

The related simulation results are in agreement with data of previous experiments performed on 

different  machines  [8,  22].  During  experiments,  the  lowest  impurity  production  was  always 

measured for (0, π) phasing and the highest for (0,0) phasing. Another favourable aspect of (0, π) 

phasing is  the capability  of reducing components  near  k// = 0 and,  thereby,  the absorption and 

heating  efficiency  are  consequently  increased.  Moreover,  as  documented  for  Alcator  C-Mod 

operation in chapter 2.3.1 and in [22], the measured plasma potential is higher for operation with 

monopole than for the dipole phasing.

Further,  AUG  experiments  with  initial  narrow  antenna  configuration  revealed  that  in  low 

triangularity discharges the measured W fluxes were only slightly higher for (0, π) phasing than (0, 

π/2) antenna phasing [53]. The measured values are in agreement with conclusion of the presented 

simulations. Similar comparison for the wide antenna configuration should not be possible, as only 

the (0, π) phasing operation has been used as so far. 

4.4.3.5 Density profile sensitivity study for curved models

In  order  to  estimate  antenna  sensitivity  to  various  density  radial  profiles,  simulations  were 

performed for  nine density  profiles  with varying density  gradient  and antenna cut-off  distance. 

These profiles were analytically derived from the measured profile. Starting from the profile with 

an antenna cut-off  distance  of  approximately  2.3 cm and with  three different  density  gradient, 

additional six profiles were derived assuming the same density gradients and increasing the antenna 

73

a) b)



cut-off distance first to 4.3 cm and then to 6.3 cm. In all cases the same edge density is imposed as 

documented in Figure 5.29.

Figure  5.30  shows  calculated  coupled  power  to  plasma  for  both  antennas  and  all  density 

profiles. The coupled power increases with decrease of the density gradient and with decrease of the 

antenna cut-off distance. For smaller antenna cut-off distance the evanescent region, through which 

the  fast  magnetosonic  wave has  to  travel,  is  shorter  and more  power  is  transferred  to  plasma. 

Further, the coupled power is lower for the partly optimized wide antenna, likely due to thinner 

radiating straps. Differences between antennas appear to be higher for lower density gradient and 

smaller antenna cut-off distance. 

Figure 5.29: (a) Density profiles used for the sensitivity study. Magenta lines represent position of the plasma edge.

Figure 5.30: (a) Calculated coupled power for initial narrow (N) antenna and partly optimize wide (W) antenna  
geomety, provided  density profiles shown in Figure 5.27.

Figures 5.31 and 5.32 show computed values of |V//| for all profiles, both antennas and for 1V as 

forward voltage at antenna feeders. RF potentials vary along vertical  (poloidal) position  for all 

simulated  case  as  presented  in  the  previous  comparisons.  In  case  of  gradient  sensitivity  test 
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(provided a constant antenna cut-off distance) for both antennas, the values of |V//| are rather similar 

except the higher peak in bottom part of the narrow antenna configuration for the steepest density 

profile. |V//| values seem to be more sensitive to the antenna cut-off distance. They tend to decrease 

with  increasing  antenna  cut-off  distance  (provided  a  constant  plasma  density  gradient).  This 

tendency is in agreement with experimental experience on AUG.  During experiments, the lowest 

impurity production was always measured for discharges with large antenna-plasma clearance [25, 

31]. 

Figure 5.31: Gradient sensitivity test - computed potentials |V// | for three constant antenna cut-off distances (a), (b) and 

(c), assuming narrow and wide antennas configurations.
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Figure 5.32: Antenna cut-off position test - computed |V// | potential for three constant plasma density gradients (a), (b),

(c), assuming narrow and wide antennas configurations.

4.4.3.6 Scan of the radial layer under test used for evaluation of E// field

In previous calculation the surface for E fields calculations was placed 2 mm in front of the 

antennas.  In  order  to  estimate  how  E// and  V// change with increasing  radial  distance  from the 

antenna, the surface was moved to 4 and 6 mm in front of the antennas. The highest fields are 

expected in the antenna vicinity and for this reason a small step of 2 mm was chosen. Further, in 

order to keep the high resolution,  E// is calculated in the vacuum region, between the antenna and 

plasma boundary.

Figure 5.33: Distribution of real and imaginary part of E// for radial distance of 4 mm in front of the antenna limiters,  
assuming the narrow antenna configuration.
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Figure 5.34: Distribution of real and imaginary part of E// for radial distance of 6 mm in front of the antenna limiters,  
assuming the narrow antenna configuration.

Figure 5.35: Distribution of real and imaginary part of E// for radial distance of 4 mm in front of the antenna limiters,  
assuming the wide antenna.

 Figure 5.36: Distribution of real and imaginary part of E// for radial distance of 6 mm in front of the antenna limiters,  

assuming the wide antenna.
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The E// maps for radial distances 4 mm and 6 mm, provided the forward voltage of 1V at the 

antenna feeders, are presented in Figures 5.33 and 5.34, for the narrow antenna configuration and in 

Figures 5.35 and 5.36 for the wide antenna configuration. In agreement with E// maps from radial 

distance of 2 mm, the E// values are distributed the same way. Further, it can be noticed that mainly 

at the antenna corners E// is lower for higher radial distance, for both antenna geometries. We can 

conclude that the very intensive E// are localized in the antenna vicinity. 

Figure 5.37 documents RF potentials |V//|  assuming  an input forward voltage of 1V for both 

antennas. We note that that |V//| is reduced by increasing the radial distance. In case of the narrow 

antenna configuration, the peak values of |V//| are reduced by 20% for radial distance of 4 mm, and 

by 36.5% for the radial distance of 4 mm. The peak values are attenuated even more in front of the  

antenna with wide configuration. These peaks are 28% and 50% lower for the radial distance 4mm 

and 6 mm, respectively.  

Figure 5.37: |V// | calculated for different radial distances for the narrow antenna (a) and for the wide antenna (b)  
configuration, assuming  the forward voltage of 1V at the antenna feeders.

4.4.3.7 Indirect comparison with experimentally measured values for the 
narrow antenna configuration

The spatial  distributions of RF potentials |V//|  presented in the previous sections are in good 

agreement  with  poloidal  variation  of  the  floating  potentials  that  were  measured  around  ICRF 

antennas  of  Tore  Supra  tokamak,  using  reciprocating  Langmuir  probes [51]  (Figure  5.33). 

Nevertheless, floating potential is not directly a measure of the plasma potential. It rather indicates 

that  the  two flux  tubes,  emerging  from the  two probe electrodes,  draw DC current  from their 

neighbours. 

The Retarding Field Analyser (RFA) probe technique, in contrast to classical Langmuir probes, 

can provide information about the sheath potential and ion temperature in the SOL. This technique 

was  used  to  map  the  sheath  potential  in  2D  to  the  Tore  Supra  ICRH antenna.  In  flux  tubes 
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magnetically connected to the powered ICRH antenna, strong modifications of SOL parameters are 

observed. The floating potential  measurements on the slit  plate  of the RFA are of the order of 

~100V for 2MW coupled ICRH power, which is well comparable to other probe measurements on 

Tore Supra in similar conditions. On the other hand, the sheath potential measured by the RFA is 

lower than the floating potential and does not exceed 50V. 

Figure 5.33: Amplitude of local maxima of floating potential Vfloat in probe plunges, as a function of their altitude ZQ5,  
connected side (source [51]).

There  is  also  agreement  with  poloidal  distribution  of  the  W  sputtering  yield  that  was 

spectroscopically  monitored  on the  initial  ICRF antenna  limiter,  during  ICRF heating  in  AUG 

tokamak [29]. In this experiment, the array of spectroscopic measurements at one of the unpowered 

antennas with narrow configuration, was used to  characterize the companion antenna. The latter 

was powered and connected to the unpowered antenna via lines of the static magnetic field of the 

tokamak.  The location of the antennas is  illustrated in Figure 2.15. The configuration set-up is 

illustrated more in detail in Figure 5.34. Figure 5.35 presents the corresponding measured poloidal 

profile of tungsten sputtering yield YW for 1 MW of coupled ICRF power to plasma. 

Figure 5.34 Antenna 4 and 3 configurations and the setup for the spectroscopic observations (green and red circles)  
(source [29]).
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The YW profile shows a peaking of YW at z = 0.25 m corresponding to the projection of the top 

edge of antenna 4. The YW values at z = 0.08m and z = 0.2,m which project to the top of antenna 4, 

register the maximum values in the array of measurements. 

Figure 5.35: YW measured in discharge 22926 on unpowered antenna 3 on the field lines connected to powered antenna 
4. Points with circles project on the covered locations of antenna 4 (source [29]). 

The maximal  values of  W effective sputtering yield,  around 1.8·10-4, were measured on the 

magnetic field lines passing the upper corner of the powered antenna. The measurements were done 

for 1 MW of coupled ICRF power. According to Figure 5.36, the maximal measured values of W 

sputtering yield, for typical concentrations and charge states of light impurities, correspond to the 

sheath accelerating voltage. These values are slightly below 100V.

Figure 5.36:  Effective sputtering yield calculated for typical concentrations and charge states of light impurities (in  
2008) which bombard W surface for low-confinement mode. Dotted curve corresponds to deuterium ions as  

bombarding particles (source [29]).

The estimated values of DC rectified potentials according to Equation 4.2 for selected plasma 

density profiles (presented in Figure 5.29) assuming both antennas are shown in Figure 5.37. The 

maximal values  in the bottom and upper part of the antenna with narrow configuration lye in the 

range from 65 V to 110 V, which is far above the sputtering thresholds for W. The estimated values 
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seem  to  provide  correct  order  of  magnitude  with  respect  to  values  of accelerated  voltage 

corresponding  to  the  measured  W  sputtering  yield.  For  the  wide  antenna  configuration,  the 

estimated  values  of  rectified  potentials  are  roughly  a  factor  of  two lower than  for  the  narrow 

antenna configuration. The exact values depend on the actual plasma content and, for this reason, it 

is difficult to quantify the value precisely.

Figure 5.37 Calculated values rectified potential VDC  for selected density profiles for both antenna configurations.

Better  experimental  characterization  of  the  antennas  is  planned  during  2013  using  RFA 

measurements [54].  The dedicated discharges in 2011 did not show a noteworthy trace of ICRF 

antennas on the RFA measured potentials, thus the RFA technique for AUG is being improved. 

According to some preliminary results from first measurements, higher potential values above the 

W sputtering threshold are observed on the field lines, which are magnetically connected to the 

bottom corner of the narrow antenna (Colas L., private  communication,  April 2, 2013). Further 

experiments and detailed results processing are ongoing.

4.5 Preliminary results of SSWITCH simulations 

The main aim of the SSWITCH simulations is to check qualitatively how the sheath effect is 

distributed poloidally.  Only the narrow AUG ICRF antenna configuration has been assumed for 

simulation. This is due to the limitation of the SSWITCH program that does not allow including the 

width of the antenna limiters. The physical model implemented in the program already includes 

slow wave and lateral walls normal to the straight confinement magnetic field and, for this reason, 

the antenna model does not include any limiters.

As first step of simulation, near RF field maps are produced in the vicinity of the antenna using 

the TOPICA software. In order to remove any additional vacuum layer, the plasma edge is located 3 

mm in front of the FS bars, following softly the poloidal curvature of the antenna with narrow 

configuration, and the  E// field component is calculated directly at the plasma edge surface. The 
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average  spatial  resolution  used  for  the  simulation  is  3.8  cm boundary  surface  and also  for  E// 

calculations. Simulations were performed assuming an input forward voltage of 12kV applied at the 

antenna feeders which corresponds to 1M W of coupled power to plasma.

 Further, the simulations were performed for the measured radial plasma profiles (Figure 5.7) 

and for the typical radial profile of AUG tokamak magnetic equilibrium (Figure 5.6). The results of 

simulations that are shown in Figure 5.38 have been used as input to the SSWITCH program.

Figure 5.38: Parallel/poloidal map of  E// calculated with TOPICA  and used as input to SSWICH. In tilted coordinates,  

the antenna appears like a parallelogram.

Figure  5.39  presents  2D  radial/poloidal  plots  of  the  DC  plasma  potential  obtained  with 

SSWITCH program. It can be seen that, in the private SOL between the vertical limiters, the DC 

potentials are highest approximately 2 mm above the FS, and reach even the level of 300 V.  At the 

radial position of antenna limiter (6 mm above the FS) , the values of the DC plasma potential reach 

levels in the range from 70-130V.  

Figure 5. 39: 2D radial/poloidal plots of the DC plasma potential from RF sheath rectification.

In agreement with TOPICA results, high VDC are present in the bottom part of the antenna. In 

contrast to the TOPICA results, no high peak is present in the upper part of the antenna. Further,  
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poloidal variations that do not correspond to any physical object are present. This circumstance 

could be due to the used mesh resolution, but it needs to be better investigated in future work. 
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5   Interpretation of NSTX experiment results

5.1 Introduction 

The experiments in NSTX tokamak benefit of the use of a ICRF system is capable of delivering 

6MW of 30MHz heating power through a 12 strap antenna which can excite waves with 3.5m−1 < 

|k//|  < 14m−1. One of the main aims of this system is to produce the  High Harmonic Fast Wave 

(HHFW) heating and current drive effects, which were already tested in previous experiments on 

tokamak III-D at lower ICRF power (about 1MW). During the experiments on NSTX, coherent os-

cillations have been detected with an edge Langmuir probe. The probe signal exhibits a significant 

broadening of the power spectrum launched by the antenna (of the order of 1 MHz at 10 dB below 

the peak of the operating frequency line) and side bands shifted by harmonic of the ion cyclotron 

frequency at the edge (ω > 13ωci). No significant effects of penetration of the coupled RF power 

were observed to occur [55].

5.2 The parametric instability mechanism: derivation of the 
parametric dispersion relation

The  unsuccessful  ICRF  experiment  on  NSTX  (National  Spherical  Torus  Experiment)  in 

Princeton in USA was characterised by the deposition of the coupled RF at the very edge of the 

plasma column. This undesired effect is documented by the absence of any effect of heating of the 

plasma bulk, and by the occurrence of a particular frequency spectrum of the signal collected by a 

small loop antenna faced in front to a port of the machine. Namely, besides the operating frequency 

line, it was observed also a few lines down shifted by multiples of the ion-cyclotron frequency near 

the edge.  These side band waves represent signatures of a non-linear wave-plasma phenomenon, 

namely the parametric instability (PI), which is produced by the beating of the component of the RF 

electric field (E//) parallel to the confinement magnetic field with a mode of the thermal background 

of plasma density fluctuations, whose frequency lies in the range from about 100 kHz to a few 

megahertz. The component of the coupled RF power excites quasi-electrostatic waves, named lower 

hybrid (LH) waves, whose electric field is indeed quasi-aligned to the wave vector. 

It  is  shown  hereafter  the  derivation  of  the  parametric  dispersion  relation  (PDR),  i.e.,  the 

equation whose solutions determine the conditions for the onset of a PI, when a certain value of the 
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coupled RF power density is exceeded, being fixed the local values of the plasma kinetic profiles 

and other parameters. Namely these parameters are: the toroidal magnetic field, refractive index of 

the launched (pump) wave and low frequency mode, operating RF frequency and antenna geometry. 

The PDR solutions give frequencies and growth rates of the non-linearly coupled modes of PI. 

A particle with mass m and charge q in presence of a pump oscillating quasi-electrostatic field 

(i.e.,  with wave vector and electric  field vector almost  aligned):  E x t( ) , t  ,  and in presence of a 

uniform magnetic  field  B0  is  considered.  The limit  of homogeneous unbounded slab plasma is 

assumed in this step of analysis. The particle motion equation is:

m
∂ v t( )

∂ t
= q E x t( ) , t  + v × B0

c








 5.1

Assuming that the electric field and oscillating motion are composed by the contributions at high 

(hf) and low (lf) frequencies, the corresponding vectors of velocity and displacement can be written 

in the form:

v t( ) = vhf t( ) + vlf t( ) + v0 t( )            

x t( ) = xhf t( ) + xlf t( ) + x0 t( )                              
 5.2

where the suffix “0” denotes the unperturbed orbit.

The equation for high frequency motion is given, by linear approximation, by: 

m
∂ vhf t( )

∂ t
= q Ehf x0 t( ) , t  +

vhf t( ) × B0

c









          5.3

For the low frequency motion, we retain only terms up to the first order in  xhf that give the low 

frequency contribution:

m
∂ vlf t( )

∂ t
= q Elf x0 t( ) , t  + xhf t( ) ×∇ Ehf x0 t( ) , t( )  lf{ } +

vlf × B0

c
    5.4

The term:

xhf t( ) ×∇ Ehf x0 t( ) , t( )  lf
                                                                      5.5

indicates  the ponderomotive  force and represents  the  fundamental  channel  that,  in  PI,  transfers 

energy and momentum from the high to low frequency non-linearly coupled modes, some of which 

could be not propagating modes, i.e., they are quasi-modes. 

We now explore the PI mechanism for an electron with charge –e and mass  me in presence of a 

pump  wave  electric  field  E0 + E0
*

2
,  where  the  asterisk  denotes  complex  conjugate,  and 

E0 = E0// + E0⊥( ) exp ik0 ×x − iω 0t( )                      5.6
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Assuming that the ion and electron motions are independent, the unperturbed values of the complex 

electron drift velocity,  vD0, and displacement,  xD0, are given by solving the equation of motion at 

the order of variation imposed by the pump wave electric field:

vD0 = − e
me

iω 0E0⊥

ω 0
2 − ω ce

2 + ω


ce × E0⊥

ω 0
2 − ω ce

2 + i E0//

ω 0









÷                5.7

xD0 = vD0

− iω 0

                                                                          5.8

The dependence of the drift velocity on the pump field is given by:

vD0 = iω 0

4π ne

Ke ×E0                                                                          5.9

where is the electron contribution to the dielectric tensor:

ε ω , k( ) = 1+ Ke + Ki                                                                                    5.10

We consider a density perturbation (of the Maxwellian equilibrium thermal background  ne0) with 

frequency ωω0 and wave vector k, given by:

 ne = ne0 exp ik ×x − iω t( )                                                                                                    5.11

by the continuity equation, we obtain the non linear contributions at high frequencies, considering 

the selection rules: k2,1=k±k0,  ω2,1=ω±ω0, which represent momentum and energy conservation laws 

for the coupled modes:

ne1 = ine

4π ne0

k1Eo
*    

ne2 = ine

4π ne0

k2E0                                       
          5.12

The suffixes 0, 1, 2 refer, respectively to the high frequency domains of pump wave and to the 

lower and upper side bands, while the quantities without suffix refer to the low-frequency mode.

By the Poisson equation, we obtain the potentials of the lower and upper side band waves:

Φ 1 = − ine

ne0k1
2ε (ω 1, k1)

k1 ×Ke
* ×E0

*       

Φ 2 = − ine

ne0k2
2ε (ω 2, k2 )

k2 ×Ke ×E0          
          5.13

Using Equations 5.8 and 5 9, we obtain:
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Φ 1 = − 4π iene

k1
2ε (ω 1, k1)

k1xD0
*     

Φ 2 = − 4π iene

k2
2ε (ω 2, k2 )

k2xD0        
         5.14

From Equation 5.5 we can now obtain the ponderomotive electric field considering the oscillating 

contributions at low frequency (ω k). These terms give:

EP + EP
*

2
= xD + x0

*

2
×∇ E + E*

2








÷                               5.15

where both xD and  E contain oscillating terms with ω0k0., ω1k1, and ω1k1.

Assuming that the side band potentials would have small amplitude

 Φ 0 > > Φ 1, Φ 2

so that:

xD0 > > xD1 ,  xD2

from Equation 5.15 we obtain:

− 1
2

∇ Φ P = − 1
4

x0∇ ∇ Φ 1( ) + x0
*∇ ∇ Φ 2( )                5.16

Considering Equations 5.14  we obtain:

∇ Φ P = − 2π ene xD0 ×k1∇ xD0
* ×k1( ) + xD0

* ×k2∇ xD0
* ×k2( )



              5.17

and

Φ P = π ene

k1 ×xD0

2

k1
2ε (ω 1, k1)

+
k2 ×xD0

2

k2
2ε (ω 2, k2 )













                           5.18

which represents the ponderomotive force acting on the plasma electrons.

Including the ponderomotive potential in the kinetic equation for the electron distribution function, 

we obtain:

∂ fe

∂ t
+ vhf ×∇ x fe − e

me

− ∇ Φ + Φ P( ) + v × B
c







∇ v fe                   5.19

The perturbed electron density is: 

ne =
k2 χ e ω , k( )

4π e
Φ + Φ P( )                                    5.20

where χe is the linear electron suscectivity.

Due to the large ion mass, the effect of the ponderomotive force can be neglected. The kinetic 

equation for the ion distribution function is:
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∂ fi

∂ t
+ vhf ×∇ x fi + eZi

mi

− ∇ Φ + v × B
c







∇ v fi                     5.21

The perturbed ion density is: 

ni =
k2 χ i ω , k( )

4π Zie
Φ                                             5.22

From the Poisson equation we obtain:

k 2Φ = 4 π e Zini − ne( )                                           5.23

and 

ε (ω , k) Φ + Φ P( ) = 1+ χ i ω , k( )  Φ P                   5.24

Using Equations 5.20 and 5.18 for eliminating ΦP, we obtain:

ε (ω , k) +
χ e ω , k( ) 1+ χ i ω , k( ) 

4
µ 1

2

ε (ω 1, k1)
+ µ 2

2

ε (ω 2,k2 )





















Φ = 0                 5.25

where

µ 1,2 = e
me

k
k1,2

k1,2⊥ × E0⊥
2

ω 0
4ω ce

4 +
ω 0

2k1,2⊥ E0⊥ − ω ce
2 k1,2//E0//( ) 2

ω 0
4ω ce

4













                  5.26

are the coupling coefficients.
Equation 5.26 has not trivial solutions under the condition:

ε (ω , k) +
χ e ω , k( ) 1+ χ i ω , k( ) 

4
µ 1

2

ε (ω 1, k1)
+ µ 2

2

ε (ω 2, k2 )








 = 0                5.27

Equation 5.27 is the PDR equation in the form ready to be used for being numerically solved. 

Assuming:  k0=k0xx+k0zz,  k1,2=k1,2xx+k1,2zy+k1,2zz, and using the relation  n=kc/ω0 between refractive 

indexes and wave vectors, the coupling coefficients of Equation 5.26 can be written as:

 µ 1 = n
n1,2⊥

ω ce

ω 0

n1,//usinδ 0

c
− ω 0

ω ce

n1⊥ ucosδ 0 cosδ 1

c








÷

2

+ n1⊥ ucosδ 0 sinδ 1

c






÷

2

                5.28

µ 2 = n
n2⊥

ω ce

ω 0

n1,// + 2n0//( ) usinδ 0

c
− ω 0

ω ce

n1⊥ cosδ 1 + 2n0⊥( ) ucosδ 0

c









÷÷

2

+ n1⊥ ucosδ 0 sinδ 1

c






÷

2

          5.29

where δ 0 ≡ atg k0//

k0⊥









÷ , δ 1 ≡ ∠ n1,n0( ) , 
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u cm/s[ ] = c
B0 gauss[ ]

8π ω LH
− 2 n0//

mi

me

P0 kW[ ]

cLy cm[ ] Lz cm[ ] ω LH
− 2 − 1( ) 3

1+
ω pe

ω ce









÷

2

+ ω pi
− 2












÷
÷ ×10= 10





























                    5.30

where ω LH
2 ≡ ω pi

2 1+
ω pe

2

ω ce
2









÷÷ is the cold lower hybrid resonant frequency, P0 is the coupled RF power, Ly 

and Lz are the dimensions of the antenna in the poloidal and toroidal directions. 

Equation 5.29 has been written in the useful form that displays the angle  δ1  relevant to the lower 

side  band.  Equation  5.27 is  numerically  solved in  terms  of  the  complex  frequency of  the  low 

frequency  driving  mode,  ω+iγ,  where  γ  is  the  growth  rate  of  the  side  bands,  since  the 

relation ω2,1=ω±ω0, and ω0 as real quantity have been assumed. 

The PDR have been solved taking into account typical parameters of the NSTX experiments.  

Namely,  a RF power of 1 MW with frequency of 30MHz with  |k//| = 10 m−1 have been assumed 

Consequently,  unstable  solutions  (i.e.,  with  positive  value  of  the  imaginary  part  of  complex 

frequency) have been found in the region of periphery of plasma column, where the plasma density 

is in the range 0.5 · 1019 m-3 – 1.0 · 1019 m-3 and the electron temperature is in the range 5 eV – 50 

eV. Unstable solutions have been found with significantly high growth rate (γ≥ω) at frequencies in 

the range from about 100 kHz to a few megahertz.  High growth rates have been also found at 

around harmonics of the ion-cyclotron frequency of the edge. These results are consistent with the 

results of the spectrum of the signal collected by the Langmuir probe located at the edge. 

Thus it can be concluded that the phenomenon that accompanies the failure of the penetration of 

the coupled RF power in the NSTX experiments is the parametric instability. This mechanism can 

be thus retained responsible of the undesired parasitic absorption of the launched RF power at the 

edge. Further analysis should be required in order to assess the amount of the power carried by the 

daughter waves, and determine the consequent effect of parasitic damping on plasma particles at the 

edge.  

This result indicates however that, in the NSTX experiment, a large fraction of the coupled RF 

power would excite waves with a too high high E// component of RF field. This component is able 

to excite quasi-electrostatic plasma waves rather than fully electromagnetic ICRF waves, which are 

necessary  for  proper  ICRF  operations  aimed  at  heating  plasma  ions  and  driving  current. 

Consequently, a more suitable antenna design, which would reduce the spurious LH wave coupling, 

should be recommended for making successful experiments.   
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6   Contribution of the thesis
The problem of the unsuccessful use of ICRF (ion cyclotron radio-frequency) power coupled to 

tokamak  plasma in  experiments  aimed  at  heating  or  driving  current  has  been considered  here. 

Overcoming this issue is necessary for the progress of main thermonuclear fusion energy research. 

Original information have been provided showing that early experiments that tested for the first 

time, in the years ’80 of the last century, the ICRF heating scenario in tokamaks by using metallic  

wall,  obtained  the  same  not  tolerable  impurity  influx  that  occurred,  more  recently,  on  AUG 

(ASDEX  Upgrade)  tokamak.  In  the  latter  experiment,  conditions  of  reactor-relevant  Tungsten 

plasma faced material have been used, indeed, similar to those utilised in early ICRF experiments. It 

has been indicated that the more probable interpretation of the circumstance that,  after  the first 

attempts, the ICRF experiments became successful for two decades, since the middle of the years 

’80, is not only due, as it was believed, to the use of a new antenna configuration but, rather, to the 

utilised  low-Z plasma faced materials.  These  materials  are,  however,  not  relevant  for  a  fusion 

reactor. For this reason it is absolutely timely the content of this thesis, which is mainly focussed on 

the interpretation of the early and recent ICRF experiments, using reactor-relevant metallic plasma 

faced materials.

In order to address the interpretation of the important problem of how enable the ICRF power to 

be a tool useful for a thermonuclear fusion reactor, I have considered the role of some phenomena 

of wave-plasma interaction at the plasma edge. Namely,  I have taken into account the phenomena 

of RF sheaths, producing impurity influx, and parametric instability, producing parasitic damping at 

the edge of the RF power coupled by the antenna. These phenomena should be mitigated in order to 

enable reactor-relevant operations in tokamaks, which require ICRF power for plasma heating and 

current drive.

I have produced new modelling work useful for assessing the RF field structure inside the main 

chamber  of  tokamak.  As  necessary  for  performing  useful  analyses  of  wave-plasma  interaction 

phenomena at the plasma edge, this work has been carried out considering the complex conditions 

of both realistic geometry and antenna-plasma loading. These requirements are, indeed, necessary 

for assessing important details of the RF electric field pattern, useful for development of dedicated 

modelling and for comparing the expected antenna parameters with features measured during the 

experiments. 

The content of the thesis provides the basic elements necessary for producing, in future, further 

and more complex modelling and experimental works. They are necessary for solving the important 

problems individuated so far for enabling the ICRF power to become a robust tool for a future 

thermonuclear fusion reactor.  To assess the RF electric field behaviour, in realistic conditions of 
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antenna geometry  and plasma loading,  provides  essential  information  for  solving  the  problems 

produced  by  parasitic  plasma-wave  interaction  phenomena.  In  order  to  efficiently  attack  these 

problems, it is necessary, indeed, to interpret available data of experiments, address improvements 

in  designing  new  antennas,  and  perform  further  experiments  that  are  necessary  for  testing 

formulated hypotheses, as useful in scientific method. These issues require, as essential condition, 

the methods for RF electric field assessment, in complex antenna geometries, shown in the thesis.
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7   Conclusions
To couple  multi-megawatt  Ion  Cyclotron  Range  of  Frequencies (ICRF) power  to  tokamak 

plasmas  is  in  principle  an important  tool  for  research of  thermonuclear  fusion  energy.  For  the 

assessment of this tool, it is necessary to understand why the ICRF power was successfully utilised 

for  decades,  in  tokamaks  with low-Z plasma faced materials,  whilst  the  extrapolation  of  these 

experiments to conditions of reactor relevant metallic vessel, performed more recently on ASDEX 

Upgrade AUG tokamak, resulted unexpectedly very problematic due to a not sustainable ingress of 

impurities in the plasma occurring also at relatively low ICRF coupled power.

In this thesis, I have considered the circumstance, indicated by experiments and calculations, that 

the phenomenon of RF sheath, which rectifies the RF potential and accelerates ions in regions of 

the plasma edge, would be cause of the undesired impurity injection. Consequently, this work has 

been  mainly  focussed  on  individuating  and  using  the  more  appropriate  modelling  methods 

available  so  far,  useful  for  assessing  the  RF  potential,  in  realistic  conditions  of  experiments, 

including plasma edge. This way,  there are more chances of interpreting the unexpected results 

obtained  by  AUG,  compared  with  previous  successful  experiments  with  low-Z  plasma  faced 

materials. 

For the flat AUG ICRF antenna, I have compared the impedance matrix of antenna as computed 

by two different modelling tools, namely the  ANSYS  HFSS and TOPICA microwave software. 

Consequently, it can be concluded that the codes are on average in a good agreement for vacuum, 

water and dielectric in terms of Z matrix,  which have provided an additional validation of the 

TOPICA  software.

Further, I have used TOPICA for simulation of two types of ICRF antennas that are currently 

installed on the AUG tokamak have been considered: a)   the narrow antenna, early installed on 

AUG, and b) the partly optimized new antenna that has wider dimensions.

Consequently, strong E// fields exist on all structures surrounding the antenna and, in particular, 

on the antenna limiters, which carry image currents of the antenna straps. The radially protruding 

limiters represent the locations where the  E// component  appear more pronounced, as the limiter 

intercepts there the confinement magnetic field lines. It can be seen that special structures develop 

in region of the antenna corners and, therefore, locally high potentials are expected there. In all 

simulated  cases,  RF potentials  vary along the  vertical  (poloidal)  direction;  the peak values  are 

situated in the lower and upper parts of both antennas. The E// and |V//| RF components are reduced 

approximately  by  a  factor  of  1.8  for  the  partly  optimized  wide  antenna.  The  obtained  spatial 

distributions of the RF potentials  |V//|  result  in a good  agreement  with poloidal  variation of the 

floating potentials  measured around ICRF antennas of Tore Supra tokamak, using reciprocating 
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Langmuir probes. There is also agreement with the poloidal distribution of the tungsten sputtering 

yield that was spectroscopically monitored on the initial ICRF antenna limiter, during ICRF heating 

in AUG tokamak.

I have carried out the analysis of the impact of antenna load on RF potentials evaluation for flat  

antenna geometries. Consequently, the coupled power is approximately 35% for the dielectric load, 

and  the  E//,  |V//|  components  are  less  intense  assuming  the  real  plasma  condition  than  with  a 

dielectric load used for test.

The antennas  with both flat  and curved geometry have been also modelled,  considering the 

realistic condition of plasma load. Consequently, for curved geometry results to couple 7% more 

power than the flat one. The |V//| component is approximately 35% lower for the curved than for the 

flat geometry. Detailed analysis indicates  that marked differences in RF potentials occur, both in 

terms of peak amplitude and location. From the obtained data of power coupled to plasma, the flat 

model  results  to represent a reasonably good approximation of a launcher  with realistic  curved 

geometry. The realistic antenna geometry is particularly necessary for the considered main goal of 

the present thesis, consisting in assessing the role of the localized phenomena at the plasma edge, 

driven by the RF potentials, where even apparently small details can influence the final result. 

I  have  made  comparison  of  the  narrow  antenna,  early  installed  on  AUG,  and  the  partly 

optimized new antenna that has wider dimensions. The coupling performance results higher for the 

narrow antenna:  compared to the wider antenna,  for the considered kinetic  plasma profiles,  the 

antenna coupling is 12% higher, considering the dielectric load, and 14% higher with the plasma 

load. Considering the curved geometry, the impact of the antenna phasing on the RF potentials has 

been assessed. For the narrow antenna,  The highest impurity production can be expected for (0,0) 

phasing. The peak values for (0,  π) and (0,  π/2) seem to be comparable. Nevertheless for (0,  π/2) 

phasing, the area with higher values is larger, and slightly worse performance is expected to occur.  

The best performance is expected to occur instead using (0,  π) phasing. These results are in good 

agreement with experimental observations for the same operating conditions. For the wide antenna, 

the same bad performance of the wide antenna can be expected for (0, 0) phasing. This situation is 

improved using the (0, π/2) phasing, and the best performance is reached for (0, π) phasing.

I have analysed the sensitivity of density profile on coupling performance, considering the case 

of the curved antenna geometry.  The coupled power increases by decreasing both the assumed 

density gradient and the radial distance of the antenna from the cut-off layer. Keeping constant the 

antenna cut-off distance for both antennas, gradient sensitivity analysis shows that similar values of 

|V//| occur, except obtaining a larger peak in the bottom part of the narrow antenna, for the steepest 

density profile. The |V//| values result to be more sensitive to the antenna cut-off distance. Keeping 
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constant  the  plasma  density  gradient,  |V//|  tends  decreasing  by  increasing  the  antenna  cut-off 

distance. This tendency is in agreement with experimental observations.

After radial scan of E// and V//,  the values of E// at the antenna corners are reduced by increasing 

the radial distance, for both antenna geometries. We can conclude that the more intense E// values 

are localized in the antenna vicinity. 

Preliminary  results  of  SSWITCH  (Self-consistent  Sheaths  and  Waves  for  IC  Heating) 

simulations show that, in agreement with TOPICA results, high VDC are present in the bottom part 

of the antenna. In contrast to TOPICA results, significantly high peaks are not present in the upper 

part of the antenna. The occurring poloidal modulation of the potential appears quite problematic, 

and this issue should be investigated in future.

Finally, the problem of failure of penetration of the coupled RF power to the plasma core have 

been  considered,  which  occurred  on  NSTX  (National  Spherical  tokamak  Experiment) during 

experiments aimed at heating and driving current in the plasma, operating at high harmonic of the 

ion-cyclotron  frequency  of  Deuterium  plasma.  Only  signatures  of  non-linear  wave-particle 

interaction  were observed to  occur,  which can be interpreted  as effect  of parametric  instability 

produced by the  E// component  of the coupled RF power.  This mechanism is  described by the 

parametric  dispersion equation,  whose analytical  derivation  and solutions  has  been summarised 

here. Consequently, the instability is favoured by the relatively cold region of plasma periphery, an 

it is expected depleting significantly the RF power spectrum launched by the antenna, by side band 

waves that would produce the undesired deposition on particles of plasma edge. 

Further work is necessary to be carried out in future, for fully assessing the phenomena that are 

responsible of the unexpected strong impurity influx in ICRF heating experiments in machines with 

reactor-relevant metallic walls, and the failure of RF power penetration to the plasma core in current 

drive experiments operating at high harmonic of the ion-cyclotron frequency of Deuterium plasma. 

The work presented in the thesis indicates how the map of the RF field should be extended, for 

realistic conditions of experiment,  to regions of plasma edge located far from the antenna. This 

information is necessary to take into account the impurity production observed to occur also in 

regions that are toroidally located far from the antenna. Moreover, a complete assessment of the RF 

field pattern should be performed, considering experiments operating at high harmonic of ICRF 

power. The analysis has been indicated, which takes properly into account non-linear plasma-wave 

interaction  phenomena.  This  work  can  address  a  more  appropriate  antenna  design,  which  is 

necessary for reducing the contribution of the RF coupled  E// component. 
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